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HIGH-TEWEBAWRE LUBRICANTS AND BEARINGS FOR AIRCRAFT TUBBINE ENGINES 

By NACA Subcommittee  on Lubrication  and Wear ' 

SUMMARY 

The problems,.. research  status, end fu ture  possibilities f o r  high-temperature 
lubricants and b e i n g s   f o r   a i r c r a f t   t u r b i n e  engines were considered i n  detail  by 
the NACA Subcommittee on Lubrication  and Wear. Higher operating  temperatures axe 
inevitable  for  bearings and lubricants,  although  tbe extreme  temperatures may 
occur for  only  short  periods of time. The use of closed  lubrication  systems may 
permit  operation  with  liquid  lubr-icants a t  temperatures  higher  than now permis- 
s ib le .  It may be  necessary t o  develop separate Iubricants   for   turbojet  and turbo- 
prop  engines. The use of more viscous f l u i d s  may allow a s ignif icant   increase  in  
the  present  limiting  temperatures. Liquid . lubricants may not be useful at the 
highest  projected  bearing temperatures ( 1 m . O  F); so1ti.l &d gaseous- lubricants 
have  promise for  the  higher  bearing  temperatures. Tool steels and cage materials 
are  available  that   appear s u i t a b l e  f o r  u ~ e  i n  high-temperature roll ing  contact 
bearings, b u t  considerable  research is essent ia l .  

" INTRODUCTION 

A previous report (ref.  I) by the ETACA Subcomnittee on Lubrication and W e a r ,  
published i n  ApriJ-11951, was concern&  with a review of current and anticipated 
lubrication problems i n  je t  engines. A t  that time, bearing  operating  temperature 
did not  exceed 350° F, and o i l   r e se rvo i r .  (bulk} temperature did not  exceed 260' F. 
The report  defined  bearing temperature limits of 350' F for current (1950) i n t e re s t  
and predicted limite. of 5ooo and 750° F f o r   t h e  m d i a t e  and gatantJ?uture .  The 
predictions  of  higher  temperature  requirements were based on the   t rends ,   in   Je t  
engines, t o  higher  compression  ratios,  higher  operating  temperatures, and higher 
mass flows t o  produce greater thrust. Some of the development  and newer production 
engines are currently  operating i n  t h e  3 5 9 O  t o  5000 F range.. 

A t  the  time of the last report (ref.  1) it was stated that the  diester f luida 
showed the  most promise for   the 'operat ion of bearings at higher  temperatures. By 
v i r tu re  of a concentrated  cooperative  effort by industry, the mili tary,  and  research 
agencies,  the diester fluids h ~ v e  been  developed into  satisfactory  jet-engine 
lubr icants   in  a relat ively  short   per iod of ti=. MILE7B08, the  military  epeci- 
f ication  for  synthetic  jet-engine  lubricant,  was issued  in   -ceder  1951. 

B e a r i n g  operatipg and  bulk a i l  temperatures are higher  today  then  they were 3 
years ago and. promise to go higher   in   the  future .  . References 1 t o  3, as well as 
consideration of extreme f l i g h t  speeds, indicate  that there  are four  general tem- 
perature  ranges of in te res t  as shown i n  table I. 
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Temperature  range 1 

I Current I 
I I I 

Maximum operating 
temperature, ?F 
Be-ing 

250 Bulk lubricant 
<350 

2 4 3 

Development, Future Future 
new 

production 

500 
"" KK) 300 . 

Loo0 750 

Maximum bearing 
"s~8k-back" tem- 
perature, OF, 5cx) 

Minimum tempera- 
ture for bear- 
ings an lubri -  
cant; opl B -65 

700 -"- 

-65 - -6!jC -65' 

of data from references 1 and 3. 
%emperaturea of -100~ P have been. e w o u s t e r d  i n  s d c e .  
'May be necessary to eacr i f ice  m --temperature prop- 

e r t i e s  to achieve  adequate  high-temperature properties. 

The tabulation show that for current  enginea  (temperature  ranges 1 and 21, mximum 
bulk lubricant  temperatures are 25Qu and 3ooo F; lnarlmwn bearing aoak-back tempera- 
tures  "e S O o  and 7006 F (the  temperatures  attained by -the bearing6 mer  the 
engine i s  shut down 8nB coolant flow ceaees while heat  continues t o  flow in to  the 
bearings from  hot  pazts.of the rotor) .  I n  future  engines, auch as those for tran- 
sonic and  supersonic f l i gh t  and par t icu lar ly   in  englues for guided  missiles, signif- 
icant  design objectives  include IIPUEI~~~ bearing  operating  temperatures of 750° and 
loooo F (temperature  ranges 3 and 4, t ab le  -I)-. Eowever, it ehould be noted that the 
prohleme involvea. i n  short-ti- engines (such ae an expendable e d n e  fir a &de&- 
missile) may be considerably  different from the problems for long-ti= enginee (euch 
as an  engine t o   b e  use& in p i lo t ed   a i r c ra f t )  ." . .. . ". . 

In order t o  obtain maximum perfprmance ?r- .gev-?wnes,  it is important that 
lubricants and Bearings be develaped to  withstand higher ternperatGe8. The purpose 
of th i s   repor t  is t o  define the  problem, to present .the latest available data o n -  
l u h i c a n t s  and  bearings in order t o  evaluate o m  pregeht  research knowledge, and t o  
indicate  future poss ib i l i t i es .  The body of the report containa summaries of papera 
presented by members..of the NACA Subbonnnittee on Lubrication and Uear at the 
Septenber 1953 meeting. Complete papers appear as appendixes A t o  0 of t h i s  report. 
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TFWDS AFFECTING ATBRICANT AND BEARING FtlQUEEXENTS 

High-speed Aircraft Missiona 

High-speed a i r c ra f t  missions are discussed i n   d e t a i l   i n  appendix A. The mil- 
itary application of extreme f l i g h t  speeds may be broken dawn into: (1) f ighter  
application,  and  (2) bomber application,  with  long-range  turbojet  missiles  falling 
in to   the  bomber category. The roaximum speed at which a turbojet  power plant  may be 
e f f i c i en t ly   u t i l i zed  lies above Mach 2.75, and may be 8 s  high ea Mach 3.5 (appendix 
A). A t  these s eeds, and at high al t i tudes,  the effec t  of aerodynamic heating be- 
comes a major Joblem. I n   t h e  fighter application,  the  heat  capacity of the  system 
may s t i l l  be effective  because of relatively  short   f l lght  duration,  al though tem-  
peratures much higher  than now encountered w i l l  occur. 

For the  boniber application,  the  duration of flight at these extrellre Mach  num- 
bers would be around two hours. This would allow time for the  system to reach  the 
high  stagnation temperatures-. The b o d e r  case is the  mst c r i t i c a l   i n  that fuel ,  
normally  used as-the  lubricant  coalant, can no longer be used as it i s  at present. 
However; the  re la t ively  short  time period associated 
makes it desirable t o  recognize  the  time-temperature 
and lubricants . . .  

Engine  Design  Trends 

Engine design  trends are  d i s c u s s e d   i n   d e t a i l i n  

with  high Mach nuniber-flight 
concept i n  evaluating  bearings 

appendixes B and C. Englnes 
are being  developed with greater thrus ts  and are being  installed  in  aircraft   designed 
for  higher  speeds. The higher ram temperature rise coupled  with  compressors that 
develop  higher  compression r a t io s  results in  mch  higher  compressor-outlet tempera- 
tures.  Reference 2 6hows that compressor-discharge  temperature for Mach 2 at 
50,000 feet will be 660' F for a compressor pressure  ratio of 5  and 10600 F f o r  a 
pressure-ratio of 15. In  .addition, sane current  thinking is toward increases   in  
turbine-inlet  temperatures from 20Oo to 400° F Over current  practice of 1500' t o  
1600~ F. A turbine-inlet  temperature of 20000 to 2100~ F IS considered to a 
practicable  objective (appendix B). Another  design  trend whlch could affect lubr i -  
cants and bearings is the uae of preturbine fuel injec t ion   for  thrust augmentation. 
Weturbine fuel inject ion moves the  afterburner hot zone c loser   to  the turbine 
bearing, which may aggravate  the  temperature problem. 

& 
Lubricant Cooling Problems 

Lubricant  cooling  problems are discussed i n  detail i n  appendix C. High oper- 
a t ing  teprperatures of the  lubricant and  bearings i n  turbine  engines are due t o   t h e  
conibined ef fec t  of high  heat  rejection to the  lubricat ion system and limited cooling 
capacity. me sources of heat   load  in  a turbojet  engine  include a l l  =in  shaft  
bearings  held  in  housings  located  in  hot  zones,  the  thrust  bearing,  accessory  gear- 
box,  punrping l o s s e s   i n   f u e l  and lubricant pumps, constant-speed  drive  for alternat- 
ing  current  pwer units, and aerodynamic heating  effects.  A breakdown of the  heat 
re jec ted  by each componelit f o r  one particular  engine of 10,000 pounds thrust i s  
included i n  appendix C. Some of the  data from t h i s  breakdawn are s h a m   i n  figure 1, 
which shows the  effect of Mach n u h e r  and a l t i t ude  on engine  heat load and oi l -out  
temperature  from  the o i l  cooler. The to ta l   hea t  load for  the  engine  of  appendix C 
i s  considerably less than the heat load for  another 10,ooO-pound thrust  engine which 
has a reject ion rate as high 88 240,000 Btu  per  hour  under  severe  conditions. 
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Although the  heat 19aa at the high-speed sea-level  condition ie greater  than 
the load at high-altitude cruiee,  the  sea-level  condition has ten times the m u n t  
of f u e l  available far cooling  than is. available at altitudes (becauae of the reduced 
engine fuel consumption at al t i tude) .  Thus the mininnua fuel-flow condition may 
become the limiting  condition of operation. 

The principal  factor  affecting  bulk  lubricant  temperature will be the  lFmitation 
on lubricant  coallng. It would be poseible. t a  design a apt-. to operate at louer 
temperatures by mfnimlzing the heat that lmrst be.rejected to  the lubricant and by 
increasing the- cwollng capacity of the system, However,  m a t  step8  taken 'to reduce 
heat  load and to  increase cooling capacity  result  fn adbed complexity and weight. 

Cooling  systems  under consideration are fuel-to-oil ,  air-ko-oil, and par t i a l ly  
vaporized  fuel-to-oil (appendix C). The fuel-to-oil cooler; i n  we a t  the  present 
ti=, m e a  fuel on i t s  way t o   t h e  confbustor as a m l a n t .  ' The drawback t o   t h i e  
system is  the reduced fuel flaw (coollug capacity) at high-altitude  cruiee  conditioae, 
and when descending from altitude: Ih addition, eoUd deposits of Are1 decoqo- 
sition  products form when the fuel t e  subjected  to  high tepperaturea. The air- to-  
o i l  cooler i s  not femibk f o r  high-speed application  because of excessive drag and 
the ram-temperature-rise  &feet.  Partly  vaporized  fuel-to-oil is a t t r ac t ive  in  
that the  la tent  heat of the fuel can be u t i l i zed  for ccxrling. Although t h t e  aystem 
is especial ly   a t t ract ive f o r  combustors which uti l ize  vaporized fuel, -it offers  
problems ~n f u d  metering and control. 

. . . . .  

Ipurboprop Lubricant Requh-emeuts 

The lubricant  requirements for turboprop engines are discussed in -&tail i n  
appendix D. In the futFe, it appears that- the &u*icant- requirements for the  
t k b o j e t  and the  turboprop  englaea ray be mre aFff icnl t  t o  r e c m i l e  with me 
lubricant  than at present. The high-temperature  requirements of the two englues are 
currently shdlar; but vith  supersonic  f l ight speeds, turbojet  operating  temperatures 
wi l l  rise sharply whereas the  turboprop will puver . h i g h  subsonic or lov supersonic 
aircraft   with  attendant lover tenrperaturea. The neceBeity of iqravecl load- 
carrying  kbil i ty of a given  viecosity  lubricant muat be ea t i s f i ed  for the turbo- 
prop if  low-temperature starting requLrelrPente and increased parer ratings are to  
be realized. The present knowledge of 1ubricant.compounding indicates that 
additives which increase  load-carrying  ability w i l l  limit.the high-temperature 
s t a b i l i t y  of the lubricant .   In   ddi t ion,   the   search for be t t e r  high-temperature 
lubricants is r e s t r i c t ed  i f  improved load-carlyfng ability, or even load capacity 
equivalent to   the  present  MIIrL-7808, is &primary requisite. Therefore,  separation 
of the two requirements  appears advantageous Ff the  desired rate of progress l e   t o  
be attained. . . .  . .  . 

ILqufda 

Because of the re l a t ive ly  low operating  temperatures of rmst current  engines 
(temperature range l), petroleum  lubricants  meting  the MIM-6OOBl-4 specification 
for grades 1010 and lOO5 (10 ana 5 centisfokes  viscoeity at 100° P, respectively) 
are generally  satisfactory.  In  temperature  ranges 2, 3, and 4, h m v e r ,  where 
temperatures are appreciably higher, the petroleum  lubricants do not have the 
required combination of propertlee such as lar viscosity a t  -65O F for adequate 
pumpability and low volatility a t  high temperatures for lov o i l  comumgtion. As 
a conaequence, synthetic  lubricants and other  lubricant  types (such aa s o l i b   o r  
gases]  are  neceseary. 
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One of the very d i f f i cu l t  problems with  liquids is that of mintaining lox 
v o l a t i l i t y  at high temperature  uhile meeting the pumpabillty  requiremnt  for low 
viscosity a t  -650 F since,   for any  one class of lubricant,  decrease i n  viscosi ty  is 
generally accompanied  by increase   in   vo la t i l i ty .  

A t  temperatures above those a t  which l iquid  lubricants  in.open  lubrication 
systems are practical ,   there are two general   al ternatives:  

(1) l iquid  lubricants   in   c losed systems (Kith resul tant   l imited oxygen avail- 
ab i l i t y ) ,  or 

(2) other  lubricant  types  such aa sol ids  or gases. 

Extensive the rm1  and oxidative  stabil i ty  research on various fluids is dis- 
cussed i n   d e t a i l   i n  appendix E. _ 1  

Therm1 s t ab i l i t y .  - Therm1 s t a b i l i t y  tests w e r e  conducfed i n   t h e  absence of 
oxygen. A t  5QO' F for a 20-hourperiod, esteis, ethers, mineral  oils, and sLllcones 
were f a i r l y  stable with  the  exception. of es ters  prepared from secondary  alcohol. 
Data on mineral  oils,  ethers,  silicones, and silicates show that decomposition does 
not always result i n  an increased  neutralization rimer. For these xaterials, 
change in   v i scos i ty ,   o r   t he   fo rmt ion  of inso lubles , - i s  more pertinent.  Therm1 
s t a b i l i t y  tests at 680° t o  753O P - f o r  6 hours ehow naphthenic materials t o  undergo 
an  appreciable loss inyiscosi ty   yi thout   s ignif icant   volat i l i ty   losses .  On the  
other hand, aromatic  oils show a s l igh t   increase   in   v i scos i ty  after being  subjected 
t o  7Oo0 F. AE ju&ed by' volatKLeGro?&t -formtion, Bercoflex-800, an es t e r  made 
from p r i m  alcohol.  linkages  (pentaerythritol),  appears t o  be reasonably stable 
up t o  70O0 F. About 6ooo F appears t o  be the maxim therplal s t a b i l i t y  temperature 
f o r  di(E"ethylhexy1)  sebacate. 

Oxidative s t ab i l i t y .  - In  the  presence of oxyeen, d i f fe ren t  results axe ob- 
tained. A t  temperatures abwe 450° t o  500° P, the  characteristic  induction  period 
of a w e l l  inhibited o r   s t a b i l i z e d   o i l  no longer exists because the oxidation 
reaction is 80 rapid.  Therefore,  in  studying  oxidation at high temperatures,  the 
important  factor is the amount of oxygen assimilated  in a glven time by a given 
amount Cce o i l ,   anb the   r e su l t i ng   e f f ec t  on the properttes of the  lubricant.  Tests 
conducted with di(2-ethylh-1) sebacate a t  5ooo F shar  phenothiazine t o  be effec- 
t ive  in   reducing tQe amunt of oxygen taken i n  by the oil.  Increasing  the rate of 
air  flow bubbled through the   o i l   increases  the amount of oxygen absorbed. Oxidation 
of a mineral o i l   i n  the presence of copper  and e t e e l  results i n  a so l id  deposit. 
The esters are much less affected by the presence of metals at high temperature  than 
are the  mineral  oils. The s i l i c a t e s  undergo property changes after oxidation that 
are comparable to  those f o r  the most- stable estere. @e si l icones a class,  how- 
ever,  axe  very stable (ref .  4 and  appendlx E) .  A blend of ester and s i l icone ex- 
h i b i t s   s t a b i l i t y  comparable to that of the ester alone. The e f fec t  of temperature 
l eve l  is i l l u s t r a t e d   i n   t h e  following example: Di(2-ethylhexyl)  seba-cate,  with 
0.5  percent  phenothiazine added, was stable in  the  presence of metal ca ta lys t s   for  
125 hours at 347O F. A t  5OO0 F the  s table   per iod was reduce& t o  less than 1 hour. 
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The following  consideratiom axe tmportant  regarding  lubricatlon at high 
temperature: 

(1) Restr ic t  oxygen avai labi l t ty  t o  the. a i l  . . . . -. . 

(2) Recognize the tire-temperature concept - .  . . . .  . -  

(3) Continue to   i nves t iga t e  lnaterials such 88 silicOnes and esters of prlmary 
alcohols 

(4) Examine hydrocarbons in   c losed systems. 

Lubrication  properties. - From a lubrication  atandpoint only, a compounded 
diester, a phosphonate and a s i l i c a t e  appeared proDIiaing for high-temperature oper- 
ation. (see appendix F.)  he conpounded dieeter showed effective bb- lubri-  
cation of steel-on-steel specimens to a bulk lubricant  temperature of 5ooo F; at 
higher  temperatures,  incipient  surface  failure  occurred. A phosphonate was a com- 
pletely  effectiue-lUbricant throughout t he   en t i r e  bqlk lubricant temperature range 
t o  572' F; at this temperature, however, the f lu id  refluxed  violently, decomposed, 
and left a reddish-brown gel" a residue. The w e a r  t rack on t h e   M c t f o n  specimene 
showed  no  damage ana very- s l igh t  wear, but the surface of the steel   specimn  appear- 
ed t o  be etched.as if by chemical attack. 

The tetra(2-ethylhexyl) s u c a t e  eater -0 appear8 promising for operation at 
high bulk lubricant  temperatures. The silFcate ester l a ,  however, subject to  
oxidative decompqsition a t  a bulk temperature of approldmntely 540° F. With the 
sillcate ester ,  there m e  no v i s ib l e  eVidence of etching of the steel specimene. 

Testing  the  various components of the componnded dieater  indicates that tri- 
cre~y l  phosphate is the  effective lubrication component. Studies at high sUding 
veloci t ies   indicate  that, i n  general,  fluids having a high c r i t i c a l  eliding velocity 
have a high linriting temperstwe. . .  . .  

Some improvement in high-temperature lubrication properties of liquids can be 
obtained proirided r e l e t i o n  of the specificatLon  on law-temperature viecosity i a  
permitted.  For example, i f  it i~ all.m#able t o  use. fluids of viscosities higher 
than  the MIL-L-7808 specification  value of 13,OQO centiatokee nrayimuk at  -65' F, 
improved high-temperat-.. lubrication  propertlea. q be obtained. . This point is 
illustrated in   f igure  6 of. appendix F, which g i v e %  results obtained with a aeries 
of w a t e r - s o l ~ l e  polyalkylene glycol fluids that vary in viscosity from 8.9 t o  762 
centistokes a t  100" F. .The UmLting temperature for incipient  surface  failure i n -  
creased from 2W0 t o  500° F ni th   increme in vlscasity.  

The lindting temperatures at which lubri-cstion failure  occurred are not nec- 
eSEarily the bulk l u b r i m t   t e m p q a t u r e s  to  which the lubl-lcwts can be   u t i l i zed  in 
pract ical   bear ing Lubrication. Factors  other  than  lubrication fallFe may become 
the  limttation; for example, chemical  effecta. such decompositiop,. corrosion, and 
oxidation may l imft  the bulk temperature, t o  which the  lubricant can be used,. t o  
values lower than  those indicated in appendix 8. Sfnce the chenrical effects are 
time-temperature dependent, hapever, it may be   po6s ibk   to  u e  these lubricants up 
to  the  lubrFcation failure temperature for short-tinre applicstiona such BB expendsble 
engines f o r  guided missiles. For long-time operation,  the me of these fluide dl1 
probably be llndted t o  temperatures lower than those  for  lubrication fa i lure .  

The maximum allnrable bearing  temperatures my, however, be substantially 
above the bulk oil temperature  limits  indicated  herein. I n  bearing  lubrication, 

T 
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the o i l  is hormH.ly supplied at low "oil-in"  temperaturee,  and the o i l  residence 
(dwell)  time may not  be  sufficient so that high  bulk o i l  temperatures are obtained. 
I n  some full-acale  bearing  experimnts  with low oF1-in temperatures, adequate  lubri- 
cation has been  obtained w i t h - b k i n g  temperatures approximately 2ooo F higher  than. 
the temperature reported  hereinfor   incipient   surface  fa i lure   Kith t h e  8- 
lubricant. 

Wear data (appendix E)  wer the  temperature range 165O to 400° F indica te   tha t  
t r i c r e sy l  phosphate is an  effective  antiwear  agent Over the-entire  temperature 
range. Tests with a prcductioqLodelVickqs  piston pump show that currently  avail-  
able PLIQS - be.Qger'ated  successfZllly  with  relatively  low-viscosity,  high- 
volat i l i ty   f luida  provided-good  lubrici ty   character is t ics-are   bui l t   in to  the fluid. 
A s i l i c a t e   f l u i d  shows w e a r  and E. P. properties si- to,.nonadditfve  mineral o i l  
and ester fluids. Fluids of this  lubricity  level  have.been  successfuUy used a8 
hydraulic  fluids. The 8Flicones  ehm  very poor l d r i c i t y   p r o p e r t i e s .  The addition 
of up t o  50 percent  by  weight of ester to the   s i l i cone  improves w e a r  character is t ics .  

&lids and Gases - 

Mquids may be inher'ently  hnperatw.e-limitd-  because of thermal  or  oxfdative 
ins tab i l i ty ;  however, so l id  or gaseous lubricants  have-promise $or the  extreme 
high-temperature  applications (refs. 5 t o  7 ) .  Solids  -can.be  obtained which are 
ei ther   s table  at the elevated t e n p e r a t m e  OT wbose in s t ab i l i t y  does not adversely 
af fec t   the   f r ic t iona l   p roper t ies  of the surfaces 60 be lubricated. Similarly, 
gases  (such as a i r )  are extremely stable at  elevated  temperatures. 

Solids may be us-ed .for i i ibrication i n  essent ia l ly  two  manners: (a) by includ- 
ing  the  sol id  as a minor constituent af' the material to  be lubricated, and (b)  by 
introducing  the  solid  with  an "air-mist" system sinKLax t o  that descr ibed  in  refer- 
ence 5 or mixed with a vo la t i l e   f l u id   ca r r i e r .  _?+ai led discussions of both methods 
are included i n  appen-Ex-F. xt is sham  in  reference.  5 that it may be possible   to  
effectively  lubricate  conventional  roll ing  contact bearings with a so l id  (W%) 
ei ther  at high  temperatures  (to loooo F) or at hfgfi speeds ( to  DN values of 
1,000,000). 

As discussed i n  appendix F, gases nay a lso  be u t i l i zed  as lubricants at high 
temperatures. Some preliminary  results  reporting  the  use of a reducing  atmosphere 
(consisting of an  air-hydrocarbon  mixture} t o  lubricate snrsll ro l l ing-contac t  
bearings a t  10,000 r p m  are reported  in  reference.6. These r e sg l t s  showed that suc- 
cessful  operation  could  be  obtained at- temperatures of 6ooo -3' for several  10-hour 
periods.  Other  gases,  such as a t r ?  may be employed provided  bearings are designed 
for this f luid.  The s tuaes   o f - r e fe rence  7 shar that the  a i r  beaxing (which is 
essent ia l ly  un-ectedby  temperature) hp  poss ib i l i t i ee  for supporting load i n  a 
re la t ive ly  stable manner a t  temperatures of 1003' F. 

. .  

Temperature Ranges f o r  Various  Lubricant 'Prpes 

A sumrnary of the  possible  lubricants fok operation wer the 'four temperature 
ranges of table I Is shown i n  table II. As sham,  petroleum  lubricants of the 
MTL-0-608lA type are suitable f o r  temperahire  range 1; Bynthetic  lubricants 
(presently,  diesters) of the  MILL7808  type are su i tab le  f o r  temperature range 21 
solids,  gases, or l i q u i h -  (possible  future  synthetics)  my be sui table  for tempera- 
t u re  range 3; and, i n  a l l  probability, only so l ids  and gases will be su i tab le  for 
the extreme conditions of temperature  range 4. A6 i nd ica t ed   i n  table II, addi t ional  



8 NACA RM ES4D27 

Temper atuxe. range. 1. 2 3 4 

Maximum operating 
tewerature ,  OP 
Bearing . - 4 k n  500 750 loo0 
B u l k  lubricant - 250 3cXl . : 400 -"- 

Minimum tempera- 
ture,  OP - 65 -65 

SioUda or gases 
Poeslble lubri -  .. Liquid- Liquid-dies.ttere + Uquib  id 

cantg  petroleums ather  synthetics open or 
cloeed 
systems 

Research require 
on lubricants . - 

High-temperature e t a b i l i t y  
None atability and 1 and 1ubricatLon i n  open ur 

closed  system 
( fo r  turboprops ) 

Possible rolling. 
contact  bearing 
materials. . 

(A) For races 
and ro l l l ng  
elements 

SAE sa00 

material 

(B) For cages Ag-plated Rickel alloye 
bronze 

solid lubr B 

(interim material) 

Rewarch-requireA-. 
on bearing mate- 
rials 
(A) For races 

. " .. - 

and rolling None Fatigue research . 

element wte- 
r i a l e  

. .  - 

(B) For cages .. IYone Frict ion and w e a r  research I 
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research is required on high-temperature  st-gbility  and  high-temperature  lubricating 
effectiveness of lubricants  for  temperature  ranges 2, 3, and 4. The use of closed 
systems  (excluding oxygen) m y  mke  the use of l lquid  lu5ricants  possible at tem- 
peratures.higher  than  those  oPange 2. 

B e a r i n g  Materfals 

Materials far races-  and-rolling  elements. - The physical  properties aad require- 
ments of bearing materials. for  operation at high  temperatures  have  been  dfscussed 
in   reference 2. The Illost important  required  properties are as follows: 

(1) Hnimum hardness .of Rockwell C-58 

(2) Dimensional s t a b i l i t y  a t  operating  temperature 

(3) Minimum c r i t i c a l  alloying ebruents   (par t lcuaru  tungsten)  

(4) Corrosion  resistance at operating  temperature and at  room temperature 

(5) Reasonable heat-treatment an8 b i n d i n g  character is t ics  

(6) Ready availabii lky from  sever&  sources 
. .  

Based  on-these  requirements , the  molybdenum too l  steels appear t o  shm considerable 
promise as high-temperature bearing-mate+als. Molybaen- t o o l  steels have good 
hot hardness and dimsmional-s tabi l i ty  a t  elevated  temperature,  although  they are 
mre dff l icUlt  to grind  than SAE 52100 steel ( W U O ~ ,  ref. 2). The general d i ~ -  
cussions-of-the  papers  presented in t h i s  report ae appendixes.empha.sized the im- 
portance of fa t igue  and the lack of data on f a t i b e   l i v e s  of t he   t oo l  steels at 
high loads,  high DN values, and high temperatures. 

Although tool steels will undoFbteply be required  for  temperature ranges 3 and 
4 of table  I, sonme=thought k S  6een"gfven  -(appendfx G) to using SAE 52100 steel 
stabil ized  for  use  at   temperatures above the  present limit of 3500 F. Draw tempera- 
ture must take  into account  both the required &@& of dinrensional s t a b i l i t y  and 
the  minlmum acceptable  hardness. . *  

A stabil izing heat treatment f o r  SAE 52100 which specif ies  a 4-hOur draw at 
235O t o  24Q0 C (approx. 460° P) resulted i n  Rockwell hardness values of C-58 
t o  Cr61. Although t h i s  treatment  assures  adequate  dimensional  stabillty  for 
operating  temperatures up t o  3500 P, recent  experience with high soak-back  tempera- 
tures after engine shutdown demnstrated that 4 hours was not  eufficient for com- 
ple te   s tab i l iza t ion .  An 8-hour cycle a t  250° C (482O P) f o r  SKF No. 1 steel or 
240° C (464' F) for SAE 52100 is desirable f d  the complete  dimensional s tab i l iza t ion  
of bearings which are intended  for  operation where the temperatures mey reach 400° F 
or  higher. 

C a g e  mterials. - . A s  sham in   reference 2, .the  requirements  for cage miterials 
are 88 follows: 
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(1) Adequate strength 

(2) corrosion resistance 
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(3) Compatibility with race lnateriale 

(4) -mal expanston coefficient  approaching that for the race material 

O f  these  requirements, that of compatibiUty (low f r i c t i o n  and wear) is probably  the 
most important and possibly the mst d i f f i c u l t   t o  obtain. 

Frict ion and wear data have been  obtained  for a nurdber of possible cage mte- 
rials a l l d i n g  against "10 too l  steel at temperatures up to 1000°.P (appendix P). 
Conventional (Alcop) bronze, a presently  used cage material, showed a continuous 
increase in f r i c t ion  with higher  temperatures; w e a r  first decreased, then  increased 
v i t h  temperature.. Temperature had 210 ef fec t  on iron-eillcon  bronze t o  6ooo F. A t  
higher  temperatures  both  frlction and wear lncreaeed.  Friction for nodular iron 
decreased  with  increased  temperature  but wear increased  6lLghtly. However, wear 
character la t ics  of the nodular i ron  grere better than for thebronze. I n  general, 
the   f r ic t ion   coef f ic ien t   for   n icke l  alloys decreased with increasing  temperature. 
Wear f o r  the nickel a l l o y s  wa8 approximstely 1/2 and 1/u) that of Iron-silicon 
bronze a t  6COo F and 1000° F, respectively.  Nickel alloyx can be  pretreated to give 
low wear a t  room temperatures (fig. ll, appendix F). 

Temperature Ranges for Varioue Bearing mterials 
A summary of the  possible  bearing mteriale (both for rolling contact and for 

cages) for operation wer the four teqerature   ranges of table I 16 ehovn In  table 
KC. As shown, the  present race and rolling element material (SAE 52100) and the 
preeent cage material  (silver-plated bronze) are sui table  far temperature  range 1. 
Likewise, t he  preeent .bearing .w. .be. ueed, .unti l  more..iKE.F.tlon 10 
available on other mteriale, for tenperatme range 2; t h i s  ie, hawever, only an 
interim  masure,  and the  mlybdenum tool steels and Other cage materials (euch as 
nodular. iron and nickel alloys) may be w e d  I n  the near future.  For temperature 
ranges 3 and 4, the  rolling  contact bearings w i l l  undoubtedly employ t oo l  steele 
for - races  and ro l l i ng  elements, an& nickel alLoys, -nodular iron, or other  special 
materials fo r   t he  cages. Very little- i s  known, hawever, about  the performance of 
these materials under these c o n d i t i m .  Much additional.  reseexch I s  required on 
fa t igue as well as on f r i c t ion  and weax in temperature ranges 2, 3, and 4. Full- 
m a l e  beming tests under -simlated  operating  conditions m e t  be employed as the  
f i n a l  check o f  new ra te r ia la  or designs. 

The follarlng r m k s  sunrmariee the inpxlrtant  points described i n  the 
discussion of high-temperature lubricants and bearing  problem. 

1. !?&e greater heat loads lnqoeed by high-perforrnauce  enginee aud practical 
Umitation on cooling wlU. result in increased operating  temperatures for bearing6 
and lubricant 6. 

2. The time-temperature  concept .and the  uae of cloaed lubrication system 
become important  consideratione i n  obtaining  solutions t o  high-temperature lubri- 
cation problem. 
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3. The attempt to develop one lubricant suitable for both  turbojet  and  turbo- 
prop  engine  types m ~ l y  have t o  be abandoned as  being unduly res t r ic t ive .  

4. The use af mre viscous  lubricants may allow operating a t  higher  temperatures 
but may require  relexation of the  lowtemperature  punrpability  requirenrents. 

5. Solid8 and  gases have promise as  possible  lubricants fm bearing tempera- 
tures   as  high as 1000~ F. . 

6. Tool steels appear  promising for  application  to  high-temperature  rolling 
contact  bearings.  Prelhdnaxy  studies  indicate  that  friction  and wear properties 
of t o o l  steels are comparable with  those of 6AE 52100. Considerable  fatigue data 
are required on t h e   t a o l   s t e e l s .  

7. On the  basis  of bench studies of f r i c t i o n  and w e a r  properties only, cer tain 
materials appear t o  have  promise for possible  use  in  cages of roll ing  contact 
bearings for operation at tempergtures 88 Ugh as looOo F. 

Lewis Flight  Propulsion  laboratory 
National  Advisory Conmdttea for Aeronautics 

Cleveland, Ohio, 11, 1954. 
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Mach number 

Figure 1. - Effect of flight speed and d t i t u d e  on.englne heat 
load and 011 temperature at cooler dimcharge. (mta f r o m  
appendix C.) ( A l l  points at military engine rating except 
as noted.) 
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HIGH-SPEED AIRCRAFT MISSIONS 

By C. M. Michaels 
Wright A i r  Development Center 

I n  th i s  review of high-temperature lubricants and bearings for a i r c r a f t  tur- 
bines, it was fe l t  that a discussion of some of the contemplated  high-speed air- 
craft  missions is appropriate. 

Two considerations of operating  conditions are important: first, that high 
speed creates problems; and second, that the high-speed  conditions occur f o r  
re la t ively  short  periods of ti=. The duration of missions may be only a f e w  bows, 
although in   these  f e w  hours great distances are covered. It is believed that these 
high speeds and their   re la t ively  short   durat ion will dictate revisions of so= 
concepts i n  the field of lubrication. 

The mil i tary we of extreme speeds m y  be separated  into two categories which 
are typif ied by a f ighter   appl icat ion and a boniber application. The guided mieslle, 
which would use a turbojet  engine, is considered t o   f a l l w l t h i n  the boniber category; 
since  only a limited amount of maneuvering should be expected i n  i t s  f l i g h t  path, 
the  engine would be operated at constant speed,  and the  duration of f l i g h t  would 
approach that of t he  boniber. Extreme speeda, which may be defined as the  maximum 
speed. f o r  which a turbojet  engine may be ut i l ized,  are considered  by  various 
au tho r i t i e s   t o  be above a Mach  number of 2.75 and perhaps as high 3.5. Within 
the fighter category, the following two missions msy be considered: F i r s t ,  a 
somewhat norm1  take-off, clinib, and cruise,  with  extreme speeds which would apply 
in   t he  combat a rea   for  a period of the  order of 15  minutesj  and  second,  .the use of 
essent ia l ly  the same a i r c ra f t   bu t  d t h  a l l  flight phases  conducted a t  mimum 
speeds. In   the   p rac t ica l  case, t h i s  length of time is limited t o  approxilnstely 30 
minutes. I n  the  f ighter   appl icat ion,   the   heat   iner t ia  of the system is probably 
still effective,  although temperatures much higher  than are normally  encountered 
w i l l  occur. 

For the bomber application,  in some instances,  the  duration of flight at these 
extreme Mach nwibers would be of the order of 2 hours. This period of time would 
normally  allow  the  temperatures  associated  with  these  high-speed flights t o   s t a b i l i z e  
throughout the system. The  boniber case is therefore  considered  to be the  mst 
d i f f i c u l t  , based solely on the temperature  problems. It is obvious that bearing 
temperatures  and o i l  temperatures  tend  to  increase  significantly. The high  tempera- 
t u re  of the  available heat  sink makes the problem  of  Illsintaining  the 011 and 
bearing  temperatures  within limits extremely a i f f i c u l t .  

It is  desirable at this poin t   to  discuss possible changes i n  concept  regarding 
the physical  properties of the lubricant   for  high-speed  applications. The tempera- 
tu re  limits of the lubricant are defined  by fairly conventional tests, many of which 
involve time. It has been indicated  previously that the tine during nhich  the 
engine is operated a t  high  speed, and thereforb  the  duration of high-temperature 
conditions, is limited. I f  the time elelnents used in  defining  the  physical   properties 
of the  lubricant  could be reduced, the allowable  lubricant temperature could be 
increased. Similar considerations  apply to bearings. Since  very f e w  data have 
been obtained which apply to   the  operat ion of t h e  bearings at extreme ten~peratures, 
any known data should be extrapolated  with  caution. Hawever, it is believed  that  
bearings of the roll ing contact type can  be made usable at temperatures of approxi- 
lnately 7Oo0 F, although the goals fo r  such  elements  should be much higher. 
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Another important  consideration  for  high-temperature  lubricants and bearings is 
the  cooling problem. As the f irst  step toward a solution, the bearings  should  be 
mounted i n  such a way as t o  minimize the amunt of heat  entering the bearing3 how- 
ever,  additional means of cooling  mus€-be.provided. One available  heat a i d s  i s  the 
engine fuel .  Many current  engines are equipped  with fuel-to-oil   heat exchangers i n  
which the  heat   re jected  to   the o i l  i s  t ransferred t o  the fuel. Houever, this   heat  
sink vi11 also be required  to  cool  other components such as electrunic equipment, 
a i rcraf t   sMn,  and hydraulic  fluid. It is also  possible to al locate  some of the 
fuel   exclusively  for   cool ing;   this  f u e l  could  be  evaporated  and  discharged  over- 
board or? i f  possible, added to  the  afterburner.  This  process af adding the   fue l  
vapor t o  the afterburner is as yet  unrealized,  although  the  associated  problem do 
not  appear t o  be insurmountable. When th i s  poss ib i l i ty   for  a simple refr igerat ion 
mechanism i s  considered, it is  i m d i a t e l y  apparent  that  water would be a better 
medium, although it would complicate +e system t o  some extent. The only al ternat ive 
t o  such a consideration would be the we of a mechanical refrigeration system. The 
hea t   re jec t ion   to   the   o i l  of one of tfie Latest  types of production  engines is  about 
15 tons of refrigeration (~80,000 Btu/hr), which would require a large  refrigeration 

- i n s t a l l a t ion .  Gince the evaporation of f u e l  would require approximately 24 pounds 
o f f u e l  per hour per  ton of refr igerat ion (21300 Btu/min), it becorns  evident thae 
t h i s  scheme would provfde both  simplicity and  weight  savings in  the  short-t ime 
usage. The point a t  w h i c h  the method all no longerbe_aa~-ntageous hae not been 
determined. . .  . . 

I n  summary, it may be s ta ted that maintaining  adequate  lubrication  and  bearing 
sys tem  for  extended  periods i s  believed t o   b e  one of the  l int t ing  problem i n  the 
application of turbojet  engiues t o  hi&-sp.ee.d flight. The problem may be divided 
in to   the  following phases: 

(1) Lubricants which are applfcable  for  high-temperature use 

(2) B e a r i n g s  which can  withetand high temperatures 

(3) Elimination of the rejected  heat  from  the  over-allaircraft  system. 

8 
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ENGIN3 DESIGN TRENDS AFFECTING LUBRICANTS AND BEARINGS 

By C. C. Singleterry 
Bureau of Aeronautics, Department of the Navy 

The general   t rends  in  aircraft turbine  engine design point toward problems 
with  lubrication and bearings. As Fs generally known, engines  are  being  developed 
with greater thrusts uti l izing  higher  conpression  ratios and are be ing   ins ta l led   in  
a i r c r a f t  designed for  higher  speeds. The higher  ram-temperature rise with  higher 
speeds combined with  higher  compression r a t i o   r e s u l t s   i n  much higher compressor- 
ou t le t  temperatures. The direct effect of this  temperature  increase on bearings and 
lubricants will depend t o  a certain  extent on the  design cornpromisee chosen  by the 
engine  designer,  but will almost inevitably result i n  some added heat   re ject ion  to  
the   lubr ica t ing   o i l .  

Changes in  turbine  temperatures and turbine  temperature  control are also i n  
prospect  and mqy af fec t   hea t   re jec t ion   to  bearings i n  the turbine end of the  engine. 
Current  thinking i-n the  Bureau of Aeronautics  contemplates  increases i n  turbine- 
inlet temperatures ~f 2000 t o  moo F over current ~ s i g n e .  These temperature in-  
creases may be achieved  through  the  use of new metal alloys  and  turbine blade cool- 
ing. A turbine-inlet  temperature of 2000° t o  210O0 F is considered t o  be a prac- 
ticable short-range  objective. The mer-all effect of increased  turbine  temperatures 
together  with blade cooling  cannot be assessed d i r e c t l y   i n  terms of t o t a l   hea t  
r e j ec t ion   t o   t he  oil or i n  term8 of bearing  operating,  or soak-back, temperatures. 
Again this w i l l  depend  on the  designer's choice of compromises. 

The principal  factor  affecting  bulk  lubricant  temperature MU. be the  Umi- 
t a t i on  on lubricant  cooling. Because of the  drag  induced by an air cooler  and its 
decreased  cooling  capacity at high speeds, mst new turbojet.  engines are being 
designed  with f u e l 4 1  coolers. Under certain  conaitions  (principally when aescend- 
ing  from  altitude)  the fuel flow is limited and oil temperatures will increase. 
New designs  will  generally provide for cooled-oil temperatures i n  the neighborhcmd 
of S O o  t o  325O F under this limiting condition.  This is about  the upper limit fo r  
the  current   synthet ic   oi ls ;  above t h i s  tengerature, oxidation seriously reduces the  
l i f e  of t he   o i l .  If o i l s  are developed w h i c h  w i l l  withstand  higher temperatures, 
f u e l  s t a b i l i t y  w i l l  then become a limiting fac tor  a t  cooled-Oil  temperatures some- 
uhere between 3ooo and 400° F depending  on res t r ic t ions  that are possible on fue l  
type. 

Current  estimates would indicate  an upper limit on flight speed of approxi- 
mately Mach 2 f o r  Navy aircraft during  the  next 10-year period. With cowideration 
of the   a l t i tudes  at which this ~ l l a x b ~ . ~ ~  k c h  number will be experienced, it is  
possible   to   predict  ram air temperatures not i n  excess of 3500 F. The developmnt 
of a lubricant which would have bu lk   s t ab i l i t y  a t  temperatures of 45Uo to 5Wo F 
would make it poss ib l e   t o   u t i l i ze   a i r -o i l   coo le r s   e i t he r  to replace  or  to  supple- 
ment fue l -o i l  coolers in   the  event  that the  heat  capacity of the f u e l  stream 
becomes severely limiting. 

A current trend i n  Navy thinking on turbojet engine development may have sore 
significance  insofar as bearing loads and speeds are concerned.  Thie thinking 
envisages  the development of small, l i gh t  engines M c h  may be used i n  mult iple  
ins ta l la t ions .  These engines would be no larger  than  the  present 546 and would 
employ pressure  ratios of perhaps 7 to 8. It would appear that bearing  loads and 
speeds wou ld  not change appreciably from present  designs. 

. 



16 - NACA RM E54D27 

Another design trend which might-affect  lubricants and bearings is the  treid 
toward preturbine  fuel  injection  for  thrust  augmentation.  Freturbine fuel inject ion 
would m e  the  afterburning  hot zone closer  to  the  turbine and  might r e s u l t   i n  tem- 
perature  increases  or  higher  heat  inputs  into rear turbine  bearings  during  periods 
of afterburning. 

In  e m ,  current &veloplnent trend8 toward engines  with  higher  pressure 
r a t io s  and  higher  turbine  temperature? may result i n  higher  rates of heat  rejection 
to   the   lubr icant  and higher  bearing  temperatures. As.a modifying factor,  consider- 
a t ion is being  given to   t he  development of re la t ive ly  small engines which w i l l  not 
necessarily  uti l ize  pressure  ratios above 8. No matter how the   hea t - re jec t ion   ra te  
to   the  lubricant   ie   affected,   the  problem of heat  rejection from the o i l  w i l l b e -  
come increasfngly  serious  wlth  higher-speed  aircraft. 

. 
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PROBLEMS ERCWNTERED AT HIGH TEMP- IN 

LUBRICATION SYSTE3B OF TURBINE ENGINES 

B 

By G. P. Tamsend 
Alrcraft Gas Turbine Div., 
Westinghouse Elec t r ic  Corp. 

The high operating  temperatures of the  lubricant  in  turbine  engines are due t o  
the  cof i ined effect of high  heat  rejection  to  the  lubrfcation system and limited 
cooling  capacity  available in   the  lubricant   cool ing system. It is poss ib le   to  
design  the  lubrication  system  to  operate at any reasonable temperature by minimiz- 
ing   the   hea t   re jec t ion   to   the   lubr icant  and by providing  cooling  capacity to   g ive  
the  designed  temperature. However, mst s teps  which are taken to minimize heat 
r e j ec t ion   t o  the lubricant add complexity  and  weight  and sometimes impair engine 
performance,  and the  steps  necessary  to provide cooling  capacity  also  add w e i g h t  
and  sometines  complexity; the  engine  designer  therefore usually finds that the  best  
ae8igz.I compromise is that which allows the  lubricant   to   operate  at the  highest 
practical  temperature.  This is  not always true,  however, and  each  &sign  should be 
completely  studied. 

The engine  designer  takes  advantage of every improvement in   over -a l l   lubr icant  
and material deveiopment  which allows him t o  o p e a t e  at elevated lubricant tempera- , 
tures because this w i l l  result i n  reduced weight End improved perfarmance. 

The source of high  heat  load i n  a turbojet  engine wlll now be considered. 
Table I shows a heat load and  heat-balance  summry for an  engine of 10,oOO pounds 
thrust. This heat  load comes from the following main sources: 

(a) All main shaft bearings which are held  in  housings located in   the   ho t  zones 
of the engine  absorb heat. Heat is conducted into  the  lubrication  system  through 
the  walls of these  housings,  depending on the  exposed  surface area to  the  hot   gases  
and the  veloci ty  of the  gases  and fluids on e i ther   s ide .  By minimizing these areas 
and surface  veloclt ies,  heat r e j ec t ion   t o  the lubricant from th i s  source can be 
he ld   to  a low level .  The tendency of increased  heat load n o m  this source i n  
future  engines is apparent,  because of the   t rend towards higher gas  temperatures, 
but  judicious  design and  proper insulat ion will help  to  compensate far this   t rend.  

(b) Heavy  load on the  engine thrust bearing is 8. large source of heat load. 
The thrus t  on the  engine thrust bearing is usually the  slaall difference between two 
large nunibera - the forward  thrust of the compressor  balanced against  the  rearward 
thrust  of the turbine. A weight  study  should  determine  the relative advisabi l i ty  
between the  use of a la rge  thrust beaxing, or  the  use of thrust  balancing by air 
pressure or by ad jus tmnts   in   the   loca t ion  of the  various  engine air  seals .  H m -  
ever, it should be renaenibered that the higher  thrust loads also  increase  heat 
re jec t ion  which must be dissipated. To get  r i d  of the  heat  requires  additional 
cooling  capacity, which means addi t ional  weight,  and sometimes additional  drag. It 
is  advisable f o r  aerodynamic designers t o  take a second look whenever the  design 
results i n  a thrust bearing  load that is on the  high side. Sonre of the  mast 
efficient  engines  in  operation  today  have compressor  and turbine  design  combinations 
which result i n  a reasonably  close  balance in  forces.  
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Far a given altitude, increased  f l ight speeds cause increased thrust beaxing 
loads, as the  thrust  goes up from static sea-level .Fating almost direct ly  with ram- 
pressure  ratio.  A high  s ta t ic  thrust load i s  therefore  msltiplled'at   hieher  f l ight - - - 

speeds, result ing  in  additional  heat t o  be rejected t o  the lubricant. 

- 
. " 
" 

" 

(c) The accessory  gearbox heat load  consists  of. the sum of a fixed heat load 
that is a function o f  rotat ive speed- only and a variable  heat m. which increases 
with  the horsepower requirements of the gearbox. However, the surf-aces of the  gear- 
box contribute somewhat to  the  coollug of the  lubricant, even at relatively  high 
f l lght  speeds. 

(a) Pumping losses   in   the  lubricat ion system  account f o r  an appreciable amount 
of the  heat load, but  the degree of e fec t   var iee   mwiderably   wi th  engine  configu- 
ration. For example, engines  with a very  simple oil system which have low oil flawti 
and do not me the  lubricatfon  system  for  engine  control have a very low heat load 
from pumping.  However, the present  trend  to  afterburning  engines, KLth the need 
fo r  exhaust-nozzle  control,  and  the  trend towards high-pressure-ratio compressors 
with the need f o r  variable engine geopaetry necessitate BO= means f o r  actuation of 
these  parts. In m a t  engines this is  done by using  engine oil and a high-pressure 
pump. To minimize the  .heat  load,  varlable-displacement pumps sometines a re  used. 

The greatest  pumping lass is tht  which occurs i n  the   fue l  pumping system due 
to  the  fixed-displacement  fuel pumps used on  American engines, and due t o  the need 
for   high  fuel  flows for  lar-alt i tude, .  high-speed f l ight   opeat ion.   Since  higher-  
altitude  operation  requires  considerably lower f u e l  flows, it is necessary t o  by- 
pass  the  excess  fuel: This extra m - k  of pumping is converted directly into  heat 
in the   fue l  and ha8 the same effect  dn oil temperature aa heat .load anyuhere i n   t h e  
system. Variable-dlsplacement f u e l  gumps would correct this situation, but t o  dat2 
engine designers have not found th is   p rac t lca l .  The me of m u l t i p l e  fixed- 
displacement pumps which run  unloaded when not needed i s  one method presently  used 
m o l v e  this problem. 

(e) Another piece of hydraulic equipment-now being  included in the engine o i l  
system on advanced  enginea is  an integral  constant-speed  drive u n i k  It LE =de 
integral  with  the  engine because considerable weight  can be. saved on the a i r f r a m  
by elimination of separate  reservoir,  cooler, pumps, and piping syetems. The pur- 
pose of t h i s  is to  drive  an  alternating-current poirer system for  operation of air- 
c r e t  electronic equipment. Such system have  been  found t o  greatly reduce air- 
c ra f t  weight  because of- the use of-higher val-es-,- and  consequent reduction in 
weight of wiring,  the  elimination  0f:inverters.j and so  forth.  The constant-speed 
drive  units, however, have  added a heat  load  to  the engine o i l  system that is  
roughly half the basic engine heat load. 

. . .  . 

( f )  High-speed f l i g h t  adds to   the  severi ty  of the o i l  temperature problem 
because the amhient temperature i n  wbich the  engine  operates i s  increased. Although 
this is generally credited as the  reason  for  the higher operating tempera+ure of 
the lubricant, and the  result ing problems, there are conpensating factors durfng 
high-speed f l i g h t  which tend t o  reduce oil temperature. As a result ,   there i s  . . .  

only a slight  increase  in  operating  temperature of the  lubricant aurFng high-speed 
f l i gh t .  For example, during high-speed f l i gh t   t he   fue l   ava ihb le   t o   t he   fue l -o i l  
cooler is greatly  increased,  with  the  result  that  the  actual lnaximum oiltempera- 
ture is only sl ightly  increased. 

In   t he   fo l lming  paragraphs,  engine  cooling system are diecussed: 

(a) Some engines have no cooling  system whatever and r e l y  only on the heat 
rejection from the various surfaces t o  sugply a heat balance. This can be done, 

" 

" 

" 

" 

.r 

A 
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providing  the  design is  such that the  total   heat   re ject ion  to   the  engine oF1 system 
is low. Such an  engine  has  the  advantage that the weight of the o i l  cooler and 
associated  pfping is saved. 

(b) Some engines  provide a fuel-to-oil   heat exchanger i n  which the  fuel on the 
way t o  the engine confbustor is heated by the  engine  lubricant on i t s  way t o  the 
engine  bearings.  This is a very  effective  and  reasonably  light means of cooling 
the  lubricant.  The weight of such  coolers is about 15 pounds and there is no 
appreciable drag penalty. 

(c) Sore engines  require that t h e   a i r c r e  supply an air- to-oi l   heat  exchanger 
to  cool  the  engine  lubricant.  Such coolers are heavy  and  cause  severe  drag  losses 
to   t he   a i r c ra f t .  This  type of cooler is not   p rac t ica l   for  high-speed f l igh t ,   s ince  
it would be  effect ive only as a heater. 

(a) For BOE engines  with  very high heat  rejection,  the nraxinum safe lubricant 
operating  temperature would be exceeded when only a fue l -o i l   hea t  exchanger is  wed, 
eapec ia l ly   i n   t he  range of  operation where f u e l  f b s  are law, but  where heat 
re ject ion is highj i n  such a case, a conhination  heat exchauger is used,  where air- 
o i l  heat exchanger is automatically  cut  in by a t h e m s t a t i c  valve. Under a l l  
other  conditions (where f u e l  flows are higher) ,   the   fuel-oi l   heat  exchanger i s  
sufficient.  This  system is a ra ther  heavy  one and shouldbe  avoided i f  possible. 

(e) An effect ive means of obtaining added heat  dissipation has been t r i e d  on 
some engines; t h i s  method involves  an o i l  cooler i n  which some of the   fue l  i s  per- 
mitted t o  vaporize;  thus, added cooling  casacity is obtained  from the la ten t   hea t  
of vaporization of the fuel .  This system  can be very  readily applled i n  engines 
which have  vaporizing  conhustion chanibers. . 

( f )  Refrigeration equipment i n   t h e   o i l  System hss not  yet  been  found  necessary 
by any engine  mnufacturer. The reason far this is  simply that the  engine designer 
has not  yet done all he can do t o  limit heat  rejection, or  has  not  yet  taken mi- 
mum advantage of the  elevated  temperature  to which present  lubricants and seal 
materials w i l l  go. KO aoubt  by the time present limits are reached, other  lubri-  
cants  capable of operating at higher  temperatures w i l l  be available, as will higher- 
temperature seal ing means. 

TO sum up, the  problem which a re  listed need not be problems a t  all except 
that   the  designer  f inds it better to  solve t h e m  than  to ad& t he  extra complexity  and 
weight t o   t h e  engine that would allow h i m  to   operate  a t  lower temperatures. 

These  problems are listed. i n  various  categories. The problems  which are 
d i rec t ly  associated with  operation of the  lubricant  f lu id  at high temperature win 
be considered first. 

The lubricant has R tendency to   l o se  its abi l i ty   to   lubricate   with  increased 
temperature. This is pr imwily due t o  the fact that the lubricat ing  character is t ics  
of a given fluid decrease with  viscosity. As a resu l t ,  new fluids with  higher 
viscosity  indexes must be found. The use of the  diester-base f luid MIL-L-7808 w a s  
a big   s tep  forward, but   other   f luids   with improved properties are being developed. 
Generally  speaking, however, th i s   d rop .of f   in   lubr ica t ing   ab i l i ty  at elevated tem-  
peratures  has  not  been a priIllary  problem in   t u rbo je t  engines t o  date, as the  
development of the fluid has kept up with the increase  in  operating temperatures 
f r o m  this   point  of view. However, from the point  of view of s tab i l i ty ,   the   d ies te r -  
base fluids have  not  kept  pace  with  operating temperatures. A t  the  present time it 
is necessary  to change the  engine  lubricating f l u i d  periodically - mare frequently 
on engines  operating a t  very high temperatures - i n  order  to  prevent  the  f luid 
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neutral izat ion number from  going  too  high, and t o  prevent  the  formstion of objec- 
tionable  sludge. A m e  stable   lubricat ing  f luid  than MIL-I,-7808 is very  necessary. 
The present  rate of slu&ge formation i s  severe enough t o  cause  clogging of filters 
(and o i l  jets damstream of the f i l t e r  after t h e  filter relief  valve  begins  to 
b p s ) .  FFlters muet be changed quite  often.  Operation of MIL-L-7808 w e l l  beyond 
the  specification U t  for   peutral izqt ion nuniber has had no apparEnt d e t r i m n t a l  
effects wtth  regard t o  corrosion of the   par ts .  In general, the  operatton of 
MIL-L-7808 fZMd in   t he  300° t o  400° E range has had Lio Uetrimental  effect  except 
for   the  oi l   s ludging problems. It i s  believed that t h i s  problem  could  be  eliminated 
wlthout change to   t he  fluid i f  the  continuous  source of new oxygen were eliminated. 
With this i n  mind experiments are now being  run On closed  lubrication systems in 
which the  vented air i s  not  exhausted  overboard,  but--is  sent back to   t he  beaxing 
housings  and  recirculated. To accomplish th i s ,  however, added complication Fs 
necessary "the engine  design.  Positive o i l  seals muat be used which are capable 
of operation  in an  anibient  temperature of LooOo F. Such seals are avaFlable  but 
must be  developed fo r  each specific  application. 

The closed  lubrication  system  automstically  ellndnates  another problem, excem 
o i l  consumption due to   h igh   vo la t i l i ty  of the  lubricating f l u i d  and loss of t h i s  
vapor  through the  oil-system  vent. A t  the  present time, engine o i l  consumpt;ion 
increases  considerably udder  "hot oil"  condition  because of loes of vapor out  the 
vent. 

The toxici ty  problem of the  lubricant--is   present a t  extremly  high  operating 
temperatures for the  dlester-base f l ads .  Above . BOO0 F the  f luid  breaks down t o  
form so= aldehydes which cause  nausea when breathed. This problem is not reatilly 
apparent a t  present  operating temperatures except where the f l u i d  leaks  into  the 
compressor flow path and moves back t o  a point where the  tenperature is  high and 
where bleed air is taken  for  cabin  pressurization. At temperatures above 6ooo F, 
t h i s   f l u i d   h e s  break down and i f   suff ic ient   leakage has been present,  the  bleed 
air may be sufficiently  contaminated  to cause nausea amng  the crew of the a i r c ra f t .  

Sealing  problem  at  high  temperatures are a natural thought i n  view of the 
previous  discuseion. To keep o i l  consumption low, and especially t o  prevent con- 
tamination of bleed a i r ,   pos i t ive   re l iab le  seals shoiiid be used at all points for- 
ward of the air bleed ports. These seals consist  of such components as carbon, 
steel,  springs,  rubber,  silicone  rubber,  bellows,  and  piston  rings. For tempera- 
tures up t o  3OO0 F, some rubber is used$ up t o  450° P silicone  rubber i s  used; and 
a t  s t i l l  higher  temperatures, all-metal construction is  used. A8 mentioned before, 
seals  are available  to  operate in gmbient temperatures up t o  loo00 F; however, each 
seal application i s - a  development  problem i n  itself, especial ly   those  in  which no 
rubber may be  used. It is belleveil -hat the shaft sealing problem  can be handled 
by the  engine  designer as the  temperatures  continue t o  increase. The preeent  static 
s ea l  i s  the O-ring, which is placed in a standard  O-ring  groave. This is a very 
useful  obJect, and an  object which the engine  designer llow uses  perhaps  too 
generously. This item will become the  victim of fur ther   increases   in   o i l  eystem 
f l u i d  temperatures.  Before the designer w i l l  be able to   par t   wi th  this devlce  he 
w i l l  have to   re learn  EODE of the t r i cks  that were used before O-rings  were available. 
For the  present, however, the  designer my st i l l  beneft t  from fur ther  improvement 
in  materials  such as i n   t h e  new silicone  rubber  0-rims which are now available. 
These will allow-lubricant temperatures up t o  a limit of about 450° F. 

The present  rubber  hose on turbojet  engines i s  n m  being  replaced by f lex ib le  
s t e e l  hose i n  some paints, and by a new silicone  rubber  .lined hose elsewhere. The 
silicone  rubber  lined hose will handle normal , o i l  system  pressures up t o  450' F In 
ambient temperatures of 40O0 F. Above these  temperatures,  steel i a  used. 

I 
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Fortunately,  the newly developed  hoses a re   usua l ly   l igh ter  in weight than  the old 
rubber  hose that is being 6iscardm3, so that the  ueight  penalty of using higher 
operating  temperature fluids is  minimizd. 

A fortunate  developmnt  has  been the f a c t  that the  silicone  rubber  materials 
are not  affected by the  diester-base  lubricants. Hawever, with  the  increased later- 
es t   in   s i l i cone   lubr ica t ing   f lu ids  (and the success of some of these in component 
t e s t s )  it becomzs evident that the  sealing problem  with the  s i l icone fluids WFll be 
a severe one. Most of the silicone  lubricants  have an adverse  effect on the  
silicone  rubber seals. Steps should be taken now t o  develop seal m t e r i a l s  which 
wi l l   opera te   to  the 8811~ limits as the s i l icone   f lu ids  which are compatible with 
them. 

Bearing materlal development has kept  pace  reasonably w e l l  with  the  increased 
operating  temperatures up until now. However, the  point has been  reached where any 
further increase  in  lubricating  f luid  operating  temperatures W L I l  require  thrust 
bearings  to be made from t o o l  steel. There is s t i l l  a decided  lack of knowledge of 
the fa t igue- l i fe  Lindts f o r  these steels. This in formt ion  is being compiled by 
the  bearing  manufacturers,  but  not at a rapid enough ra te .  

Gear materials are i n  a mre questionable state than bearing materials. Gears 
are already  being drawn dam i n  hardness fn some condltions of operation. This will 
eventually mean a weight  penalty i n  gear  design  unless a suitable  gear steel i s  
found that will operate  with  high  hardness i n  the 500° F range. H e r e  again the 
engine  designer #1ll have a choice of whether he shoula  take  other  steps  in  the 
engine  design t o  keep the temperatures of the   lubr ica t ing   f lu id  &own to a reasonable 
value by  one of th& mans mentioned earlier, whether  he  should  increase  weight by 
operating a t  a lower  haxdnese with a higher  temperature  fluid,  or whether  he  should 
procure a higher-temperature gear steel. 
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APPENDIX D 

TlTRBoPRoP GEAR LUBRICATION PROBLEMS 

23 

By C. J. McDowal l  
Allison Div., 

General Motors Corp. 

. 

The turboprop  engine  requires: (1) that the  lubricant  permit  start ing at -Eo F 
for  mili tary  applications,  (2) that the   f l u id  be res i s tan t   to   ox ida t ion  and other 
thermal  decomposition a t  bearing  operating  temperatures  to  approximately 400° P, 
and (3) that the lubricant  be  noncorrosive  to metals present   in   the  system.  These 
requirements  also apply  t o  the turbojet  engine. However, the  turboprop  engine 
presents the additional  requirement (4) that the  lubricant  provide  adequate load- 
carrying  abil i ty  for  the  reduction-gear system. When it is considered that the 
gearbox  weight may approach  one-third of t h e   t o t a l  weight of the engine, the 
necessity  of  designing  the  gear  train  to  the  highest   loads  permissible  in  accordance 
with good pract ice  becomes obvious. 

No currently  available  material  has been proven t o  f u l f i l l  all four of these 
requirements. The present MIL-L-7808 o i l  does not  provide  the  load-carrying  ability 
desired and ray  be  inadequate i n  low-temperature  properties. A higher-viscosity 
lubricant (E.E.L. 3A), currently  operated  in  Allison  turboprop  engines,  prwides 
the  load-carrying  abil i ty and  thermal s tabi l i ty   required,   but  is inadequate  for 
-65' B starting. Attack of these lubricants on bearing  cages  electroplated  with 
lead-base  codepasits,  has  been  experienced  in  engine  operation.  Laboratory tests, 
conducted  over the 250° t o  45Qo F range, have indicated that this corrosive  act ivi ty  
rises sharply with  temperature. 

The diester-base  lubricants also severely  affect   organic lnaterials with whlch 
they are i n  continuous  or  incidental  contact. Rubber sea ls  and  hose, some plastics, 
and many organic coatings may be  seriously  attacked by contact  with  these  lubricants. 
I n  addition,  the  higher  operating  temperatures of engines  requiring use of the  
diester  o i l s  render  the  nflterials problem mre severe. Complete failure of 
MILL-551I-hoseT due to degradation and  subsequent  erosion of the  lining,  has  been 
experienced i n  8;) hours with synthetic oil et approximately 250° F. 

Other r e l a t ed  problems are the  scuffing and w e a r  rates of  bearing  rollers and 
races at high speeds, and scuffing and p i t t i n g  fa t igue of  reduction gearing. The 
relationship of the lubr icant   to  the scuffing and w e a r  problem on high-speed r o l l e r  
bearings is not knm. Mechanical design and metallurgical. changes are being ex- 
plored for solut ions  to   the  bear ing problem. Previous  reduction-gear  experience, 
upon which current  designs are based, has been  with  1ubricants.of  higher  viscosity 
and load-carrying  ability. Refinements  of the gear  system t o  reduce  the  lubricant 
requiremnts are being made, b u t  for  practical   application  to  production,  the 
lubricant  should  not be marginal i n  its load-carrying  abil i ty.  There have  been 
published data t o  indicate that pi t t ing   fa t igue  life is  reduced  with  lower-viscosity 
lubricants,  but  the magnitude as applied  to  both  gears and  bearings i n  pract ice  i s  
not known. 

With increasing  congression  ratios and engine  complexity,  hot-spot  temperatures 
and, t o  a degree,  bulk  operating  temperatures of the  turboprop  engine may be  expected 
to  increase.  However, the  increases are not  expected Go be as great 88 f o r  high-speed 
turbojet  aircraft. Increased  lubricant  load-carrying  requirements are indicated 
if higher  ratings  result ing from power section development are to   be   u t i l f zed  with- 
out  the accompanying s a c r i f i c e   i n  weight or  volume requirements for the  gear b o x .  
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Development of m e  complex engines  such as  the two-spool  design w l l l  r e s u l t   i n  
higher  bearing speeds  and  render the  present  scuffing problem m e  severe.  Antic- 
ipated  turboprop  bearing  temperatures are not  expected  to  render  present  bearing 
materials inadequate; hence, developmnts  in  this f ie ld  are  primarily  directed  to- 
ward turbojet  engines. Bone reduction  in  heat rejected from the gearbox may be 
experienced  uith  higher-fllght-speed  turboprop  aircraft with supersonic  propellers 
because of reduced reduction-gear-ratio  requirements. 

The use of more act ive extreme-pressure-type  additives t o  improve the load- 
carrying  abi l i ty  of the  turboprop  lubricant  has  not been successful  to date. The 
conventional s u e r  and chlorine  containing  additives are corrosive  to metals i n  
the high-temperature portions of the parer section and  cause  excessive  depoait- for- 
mations. The use of an  acidphosphate improved the  load-carrying  capacity and 
provided  acceptable  cleanliness  characteristics. However, the &cia phoaphate  caused 
the o i l   t o  f o a m  excessively and, in  addition,  chemically  attacked copper  and also 
magnesium when m i s t u r e  w a s  present. 1% i s  also  noted that the  type of antioxidant 
used in  stabil izing  the  diester  lubricants  at tacks cadmium, preventing  the  use of 
th i s   p la t ing  material i.n t h e   o i l  system. 

The present  effort,  with  rggard  to  military  applications, is to use one syn- 
t h e t i c  o i l  for  both  turboprop and turbojet  engines.  This is a worthwhile objective, 
but the cos-n the  design compromfsss required may outweigh the advantages. The 
present MIL-L-7808 lubricant  contains  both  antiwear  agents and a viscosity improver 
for   the  benefi t  of the turboprop.  Their  presence I s  undesirable  for  jet  engines as 
it renders -ao F s t a r t i ng  mre marginal-and  prevents use of the engine  lubricant 
as a hydraulic fluid. 

It appears that the  future  lubricant  requirements  for  the  turbojet and the 
turboprop  englnes may be more d i f f i c u l t  t o  achieve  uith one o i l  than at present. 
The high-temperature  requirements o f . t h e  two engines are  currently  similar  but, 
principally as a result of supersonic flight speeds, the  future   turbojet   o i l tem- 
perature  levels will be much higher. The necessity of improved laad-carrying  abil l ty 
of a given  viscosity  lubricant must be   sa t i s f ied  for the  turboprop  engine if low- 
temperature  starting  requirements and increased power ratings are t o  be realized. 
With present knowledge of lubricant compounding, additives which increase Load- 
carrying  abi l i ty  ell limit the  high-temperature  stability of the  lubricant, and the 
search  for  better high-temperature  lubricants i s  r e s t r i c t ed  if improved load- 
carrying  abi l i ty ,  or wen that equivalent t o  the present MIL-L-7808, is a primary 
requis i te .  Therefore, separation of the two requirements appears preferable i f  the 
desired rate of progress is to   be  a t ta ined.  

The use of a separate  lubricant  for  the gearbox  system has been  coneidered as 
a possible  solution  to the problem. .This would be a t t r ac t ive  from the  viewpoint 
of- lubricant  compounding, as conventional  extreme-pressure  additives might be mea. 
However, inherent  disadvantages of this   arrangeEnt   are   ser ious.   Foremst ,   the  
addition of the  wrong oil t o   e i t he r   t he  gearbox or the power section  system  could 
be disastrous. I n  addition, so= existing  turboprop  engines  or airframe instal la t ions 
could  not  be  readily  adapted t o  this chnge. The requirements  for  separate o i l  
tanka, addi t ional   cool lug  faci l i t ies ,  and  low-temperature s t a r t i ng  problems with  the 
use of two lubricating  system  render  this arrangement unbs i r ab le  if another 
solution can be  obtained. 

The development of two o i l s ,  one for  satisfying  the  cri t ical   requirements in- 
herent  to  present and future  turbojet  engines and the second for the requirements 
m e t   c r i t i c a l  tQ the  turboprop  engines, i s  believed  the most aesirable approach t o  
the problem  and one that   offers   potent ia l   benefi ts   to  development of both  types of 
engines.  Currently,  operation  ofturboprop  engines  with a higher-viscosity 

c 



NACA RM E54D27 1̂  25 

lubricant i s  d e e d  necessary.  Hawever,  recent  development  work  on m e  stable 
extreme-pressure  agents, a.8 conducted  by Dr. Fenske of Pennsylvania  State  College, 
and  lubricants of much imprwed viscosity-temperature  characteristics, such a8 the 
silicone-diester  blends of the RACA, indicate  that  material  aavances  in lar- 
temperature  properties may be  obtainable  while  msinkaining  high  load-carrying  abiuty. 
Lubricant  improvement  by  the  development of mterials  with  better  viscosity- 
teqerature  characteristics  is  considered  the mre desirable  approach, as little 
experience  and  information  is  available  concerning w e a r  rates and pitting  fatigue 
which my be  experienced  with  low-viscosity  lubricants. 

It  is  emphasized  that  the  ltbrication  problems of the  turboprop  engine  cannot 
be  solved  by  lubricant  improvement  alone.  Improyements  in  both  gear  and  bearing 
design  parameters  and  mterisle  to  prbvide  at  least  partial  solutions a r e  being 
actively  investigated. It  appears  desirable  to mdify the  lubrication  system so as 
to  increase  the mxim lubricant  viscosity  which can be  pumped.  However,  the 
separation of lubricants for the  turbojet  and  turboprop  engines  and  recognition of 
adequate  load-carrying  ability as the  primary  requisite  for  the  turboprop  engine 
lubricant will materially  accelerate  development of this power plant. 
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NOICES ON HIGH-=- FLUIDS AND LIAKICANTS 

c 

By E. E. Klaus and M. R. Fenske 
Petroleum  Refining  Laboratory, 

Pennsylvania S ta t e  College 

INTRODUCTION 

Development  work on high-temperature  hydraulic f l u i d s  and on high-tenrperature 
lubricants   for  je t  a i r c r a f t  have many things  in cormon.  The  same requirements of 
adequate   lubrici ty ,   f luidi ty ,   s tabi l i ty ,   cmrpat ibi l i ty ,  and corrosion  resistance are 
c m o n   t o  both  types of f l u i d .  The s M l a r i t y  is such that i n  pract ice  a s ingle  
diester ty-pe of f l u i d  has been prepared t o  meet the requirements of MIL-L-6387, t he  
high-temperature  hydraulic f l u f d ,  and MIL-L-7808, the synthetic  jet-engine  lubricant. 
Because of the present state of  mechanical  developments in  hydraulic and lubricat ing 
systems,  there aze somewha t  d i f ferent   points  and degrees of emphasis on property re- 
quirements. The need for an  adequate l u b r i c a n t  for  high-speed,  highly loaded gears 
i n  the turboprop  engine and i n  accessmy cases of the turbojet  engine normally places 
more emphasis on l ub r i c i ty  of the   lubricant  t h a n  is the  case  with  hydraulic f l u i d s .  

Closed  hydraulic  systems are a current achievement  and as such represent a 
boon to  hydraulic-fluid development not  currently  enjoyed in   the  Jet-engine  lubri-  
cant f ield.  The use of a closed  system i n  which air may be pa r t i a l ly  or wholly ex- 
cluded  places  the emphasis  on  thermal stability, o r   s t a b i l i t y  after small amunts of 
oxygen assimilation. These properties are, in  general, much less critical than the 
oxidat ion  s tabi l l ty  under conditions where air is f r ee ly  accessible. These latter 
conditions  appear t o  dominate i n  current  designs of jet-engine  lubrication  systems. 
In  general, all the  research and  development work on high-temperature hydraulic 
f lu ids  is directly  applicable  to  high-temperature  jet-engine  lubricants. 

HIGH-TEMPEBBTURE HYDRAULIC FUTIDS 

Lubrication  and  volumetric  efficiency are two important I t em  in   t he   ope ra t ion  
of hydraulic pumps at high temperatures. Direct measurement of these  properties at 
the  desired  temperature is very difficult because of the  current  lack of proven 
high-temperature pumps. There have  been indications that i n   t h e  temperature  range 
above 300' P mechanical  problem  with  currently available ppumps essent ia l ly   prohibi t  
f l u i d  tes t ing.  Another approach t o  tes t ing   lubr ica t ion  and volumetric  efficiency 
has been used by t h i s  laboratory. Lubricity and viscosi ty  of high-temperature 
hydraulic fluids and lubricants CRU be measured i n  laboratory testers. These 
measured properties a t  the desired temperatures  can be incorporated i n  an  expari- 
mental f luid in  the  temperature  range of 100' t o  200' F. This  experimental  fluid 
can  then be tested i n  8 pump under  temperature  conditions where no mechanical 
problems are anticipated.  

Previous tests conducted by this  laboratory have indicated that good qual i ty  
mineral oil and  ester-base  hydraulic  fluids WFll operate   sat isfactor i ly   in   pis ton,  
gear,  and  vane-type  hydraulic pumps i n   t h e  temperature range of loOo t o  x)oo P. The 
minimum viscos i ty   l eve l  of these flu& under test conditions was 3.5 centistokes. 
The current  study has been limited, therefore,  to  viscosity  lev& below 3.5 cent i -  
stokes a t  the  test temperature.  Preliminery t e s t s  have  been  conducted i n  a Vickers 
model PF-17-39ll-10zEL piston pump on th i s   l abora toryTs  nuniber 3 pump test stand. 
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A comparison of the viscosl t ies  and r e l a t i v e   v o l a t i l i t l e a  of the  mineral o i l  
compositions  and typical  MIL-L-7808 and MIL-L-6387 type fluLds is shown i n  table I. 

The mineral o i l   f rac t ions  PRL 3414 and VRL 3415 exhibit  vlscoait ies of 1.0 t o  
3.3 centistokes  in  the  range of loOo t o  2OOU F. The other test f l u i b  of table  I, 
the  ester-base  f luids,   exhibit  this same viscosity range Over the  temperature 
range of 250' to 600' F. For esters and mineral-oil  fractions of the type sham i q  
table I, the C.O.C. fire point i s  roughly  equivalent to   the  boi l ing  point  of the 
f l u i d  a t  a pressure of u3 mill1meters.of mercury. It i e  evident,  therefore,  that 
the  mineral-oil  fractions and the  ester-base  f luids have a s M l a r  r e l a t ion  between 
viscosi ty   level  and  vapor pressure. That is, tes ts   with the mineral-oil  compositions 
a t  looo t o  ZOOo F adequately  simulate.the  viscosity  level and v o l a t i l i t y  of typical  
MIL-L-7808 ana MIL-L-6387 f lu ids  a t  250° t o  600° F. The t e s t  fluids PRL 3414 and 
PRL 3415 o f t a b l e  I are mineral-oil  fractions  containing  an  antiwear  additive and 
an  oxidation  inhibitor. The compositions of these test fluids are  shown i n  table 11. 

The e f f ec t  of bulk oil temperature on the wear characterist ics of typical  
mineral o i l  and ester-type  hydraulic f l u i h  and lubricant8 has been determined  with a 
Shell   four-ball  wear  tea5ert  these weqr data, over the temperatture range of 165' t o  
400' F, a re  shown i n   t a b l e  111. These data indicate that the e f f ec t  of t r i c r e s y l  
phosphate a0 the antiwear  a8diLive pe r s i s t s  over the e n t l r e  temperature  range. 

There is some Indication that the  persistence of antiwear  properties due t o  
t r i c r e s y l  phosphate is related t o   t h e   t r i c r e s y l  phosphate susceptibil i ty of the  base 
o i l .  This effect  of t r i c r e sy l  phosphate susceptibil i ty has been discussed i n  some 
de ta i l   i n   r epor t  PRL 5.4, Sept-T 1952. The base stock  for PRL 2860 shows better 
t r i c r e s y l  phosphate susceptibility  than  the base stock for EBL 3039. This sam? 
trend can be seen in  the  effectiveness of t r ic resy lphosphte   wi th  temperature rise. 
It should  be emphasized that no s u h t a n t l a l  change i n  the effectiveness of t r i c r e sy l  
phosphate would be  expected in   t he  temperature range up t o  about €QOo F. I n  the 
section of this   report  dealfng with thermal stability, t r i c r e s y l  phosphate is sham 
t o  have good thermal  stabil l ty up t o  a temperature 0-00 F. These data would 
indicate that weax properties of mineral oil and ester-base compositions containing 
t r i c r e s y l  phosphate a re  adequate at high  temperatures. 

Wear characterist ics of PRL 3 4 1 a n d  fRL 34l5 in the Shell four-ball  w e a r  
tester are sham  in   t ab le  I V .  Wear properties of several  ester-base compositions 
are also shown fo r  camp&rison. The weax characterist ics of the two mlneral o i l  
compositions essentially match those of the  ester-base fluids containlug  tr icresyl 
phosphate as the  antiwear  additive. A good correlation has been shown i n   t he  
laboratory between weax i n  gear and  vane-type hydraulic pumps and wear at- 1- and 
10-kilogram l o a h   i n   t h e   S h e l l   f o u r - b U  w e a r  tester. The successful  operation 
Vickers  piston pumps w i t h  the same qu+iky lubricants  a8  those  evaluated  in  the 
gear and vane-type pumps suggests  about  the same maximum lubricity.  demands f o r  a l l  
three pumps.  The wear yalues for PRI, 3414 and PRL 3415 a t  1- and 10-kilogram loads 
and 167' F are about the se,me as for  high-quality  mineral-oil and ester-base  fluids 
a t  1- and  10-kilogram lads and 4ooo F. To summarize, it is believed that PRL 3414 
and PRL 3415 exhibit the sane lubr ic i ty ,   vo la t i l i ty ,  and viscosity  levela between 
100° and 200° F as those of MILL7808 and MIL-L-6387 type f l u i b  between 250' 
and W0 F. 

Performance of ERL 3414 and PRL 3415 i n  the Vickers piston pump i s  shown i n  
table 11. The  pump operated  satisfactorily throughout t h i s  series of t e s t s .  It 
should  be emphasized that the pump used in   th i s   s tudy  is a standard  production 
model. A typical  MIL-0-5606 f l u i d  was used 88 a t e s t   f l u i d   t o  establish a baaie 
f a r  volumetric  delivery. The volumetric  efficiency as a function of v i scos i ty   i e  
sham i n  table V. 
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These  data  indicate  that  currently  available  pumps  can  be  operated  successfully 
with  relatively  low-viscosity,  high-volatility  fluids  provided  that  good  lubricity 
characteristics  are  incorporated  in  the  fluid.  These  data  suggest  that  currently 
available  ester-type  fluids  are  suitable  for  high-temperature  operation  in  hydraulic 
pumps provided  that  current  tolerances  and  lubricity  dernands  can  be  Ioaintained  in 
the  design  and  construction of high-temperature pumps. 

WJUR AND LUBRICATION  CHARBCTERISTICS OF SIUCONES AND SILICATES 

Silicones  and  silicates  have  been  included in the  lubrication  studies of high- 
temperature  hydraulfc fluids. The  lubricity  properties of mineral-oF1 and  ester- 
type  fluids  have already been  discussed. Shell four-ball  data ( f r o m  wear  and 
extreme-pressure  lubricant  tests)  for  silicone  and  silicate  fluids  are  compared 
with  similar  data  for  typical  ester-type  fluids  in  table VI. The  lubricant PRL 3103 
is  di-2-ethylhexyl  sebacate,  while PRL 3161 is a complete  lubricant formuhtion 
of the MILL7808 types.  The  silicate-base  hydraulic  fluid, MU3 5277, is a finished 
composition  prepared  by  the Standard O i l  Company of California.  The  two  General 
Electric  silicone fluid8 are believed to  be  mthylphenyl  silicones of good  thermal 
stability. 

The finished  silicate  fluid  shows  wear  characteristics  and  incipient  seizure 
values  of  the same order of magnitude aa a typical  mineral  oil or dibasic  acid 
ester  without  an  antiwear  additive.  Finished  fluids of the PRL type  are  superior 
to the  silicate  fluid  in  this  respect.  The  silicones  show  very poor steel-on-steel 
w e a r  and  incipient  seizure  values.  The  addition of a reasonable  quantity  (approxi- 
mately 50 weight  percent) of ester  to  the  silicone (PRL 3424) inqrwes the wear 
and  incipient  seizure  values. In general, a silicone-ester  blena of this  type 
exhibits  improved  response  to  lubrication  eiiditives. PRL 3425  is a similar  blend 
with  the same antiwear  additives  but  containing a relatively s r m l l  amount  (approxi- 
mately 10 weight  percent) of the  ester.  The  wear  characteristics of PRL 3425 revert 
to  essentially  those of the  silicone (PRL 3358) itself.  It  is shown in  the  section 
on  high-temperature  oxidation  that  the  silicone-ester  blend PRL 3424  exhibits no 
better  stability  than  the  ester  itself. In other  words,  it  appears  that  in  order  to 
improve  the wear  characteristics of a stlicone  fluid of the PRL 3358 type  by  adding 
an  ester, it is  necessary  to add the  ester  in  sufficient  concentration so that  the 
resultant  blend  assumes  the  high-temperature  oxidation  stability of the  ester  itself. 

The  effect of temperature  on  the wear characteristics of silicone  and  silicate 
fluids  is shown in  table  VII.  Data for a high-quality  mineral o i l  and  an  ester  type 
fluid  are sham for  comparison  purposes.  The  wear  properties  of  the  silicate  fluid 
PRL 3416 (MLO 5277) are  essentially  unchanged  by  temperatures  over  the  range of 
169 to 400' F. The  silicones  show some tendency towar2 increased  wear  with  increas- 
ing  teqerature. . 

To sumarize,  the  silicate f luid shows wear  and  extreme-pressure  properties 
quite  similar  to  those of typical  nonadditive  mineral-oil  and  ester  fluids.  Flufds 
of this  LubricFty  level  have  been  successfully  used aa hydraulic fluIda. The 
silicones  show  very  poor  lubricity  properties. 

TEEBMAL STABIUTY OF LUBRICANTS 

Thernal-stability  tests  evaluate  the  behavior of a fluid  or  lubricant  in  the 
absence of oxygen  or  under  an  inert  atmosphere  such as nitrogen. In systems  which 
are  closed, or which  provide  little  contact  with air, these  tests  on  therrre,l 
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s t a b i l i t y  are pe r t inen t   i n  showing what happens t o  a f lu id  or lubricant. When 
substantial  amounts of oxygen are in-contact  with  the  oil ,   the degradation produced 
by oxygen ueualljr exceeh that produced by heat  or  by  simple  pyrolysis. 

Temperature affects  thermal s t a b i l i t y   i n  a maaner~simllar t o   t h a t  of oxidation, 
and the  temperature  coefficient for pyrolytic  reactions is himil& t o  that f o r  . 

oxidation  reactions. The c o m n  metals i n  bulk f o r m  are usually not  strong promoters 
of-thermal  decomposition. 

Table.VII1 i l l u s t r a t e s   t he  effeet of 5ooo F far 20 hours under a nitrogen 
atmosphere on some eseer~, ethers,  mineral o i l s ,  and sil icones.  As noted, these 
mterials are f a i r l y  stable Kith  the.exception of esters prepared from  secondary- 
alcohol  lfnkages. The l a t t e r  decompose much more easily  than esters prepared  from 
primary  alcohols. Olefins a re  one of the  products. o f  the thermal.-decomposition of 
esters.  The thermal decompoiifition of esters  made from  secondary alcohols becomes 
significant at 400° t o  450° F, and after a b o u H 0  bum. On the other hand, eaters 
prepared  from  primary  alcohols will have a comparable a t ab i l i t y  at 550° t o  600' F. 

I n  inspecting a l l  the  tables on thermal  stabil i ty,  it is important t o  renaeniber 
that decomposition is not alwaya evidenced by an increase  in  neutralization nmiber. 
For example, t he   s t ab i l i t y  of mineral o i l s  (hydrocarbons),  ethers,  silicones, and 
s i l i c a t e s  cannot be judged  by neutralization ntmiber. In  these latter cases, changes 
in  viscosity,   or  the  formation of gas-or   inso lubles ,   a re .nnre   loeca l   c r i te r ia  of 
degradation. 

The effects  of metals on thermal   s tabi l i ty  a t  EGOo F f o r  a period of 20 hours 
is shown i n   t ab l e  IX. I n  general,  the metals shown do not greatly accentuate  the 
thermal  decomposition.  Several of the es t e r s  tested show som evidence of s t e e l  
and magnesium corrosion a t  5ooo F. 

Since  the 500° F therm1 tests did not  significantly change the  properties of 
a variety of f l u ids  and lubricants, similar s tuaies  w e r e  made at 6oOo F fo r  6 hours 
i n   t h e  absence of metals. These data are presented i n  table X. Hercoflex 600 
which is  an  ester  prepared from pentaerythritol  and a mnobasic  acid, has good 
s t a b i l i t y .  Its structure is  such tha t  it cannot readily produce an o le f in  on decom- 
position. Baphthenic  mineral o i l s ,   t r i c r e s y l  phosphate, and BOE s i l i c a t e s  and 
sil icones  also are qui te  stable a t  6ooo F f o r  6 hours. 

Further  thermal  tests on 8ome a f . t h e  more promising materials in   t ab l e  X are 
s h a m  i n  table XI. These tests were made i n  a pressure  cylinder i n  order t o  deter- 
mine the amount of gaseous or  volati le  products formed. The p l y g l y c o l  and the 
glycol-centered  ester show the greatest formation of v o b t i l e s  and  gae. The 
pressure  in  the  case of  2-ethylhexyl  sebacate is due to octene and, &8 noted, it ie 
condensable t o  a l iquid upon cooling t o  room temperature. The extent of the decom- 
posi t ion  in  this pressure test at So$O F is the-same as that i n  the atmospheric 
t e s t s  a t  600° F (table X).  I n  this pressure test- a t  600' F, Eercoflex and t r i c r e sy l  
phosphate  together  with  the  si1icate:and  silicone are reasonably  stable. Hydrocarbon 
o i l s  are also  qui te  stable at 6oOo F. 

Table X I 1  shows the thermal s t a b i l i t y  a t  680° t o  750° F for 6 hours of several 
commercially available  inineral  oila and  hydrocarbons. The naphthenic materials at 
750° F show sizable   losses   in   viscosi ty  without s ignif icant   volat i l l ty   losses .  The 
paraffins are not  directly comparable became  they are much lower in   v l scos i ty .  
The two materials shown have high pour points. The aromatics, on the  other hand, 
show some viscosity  increase at about 700' F. 

. 

. .  . . 
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The ef fec t  of temperature on the  thermal  deconqmsition of two esters and some 
naphthenlc mineral o i l s  is sham i n   t a b l e  XIXI. I n  the case of 2-ethylhexyl 
sebacate, 6 hours a t  t%O0 F produces  about  10  percent  decomposition t o   a c i d  and 
o le f in  as judged by neutral izat ion number. Accordingly,  about 6ooo F appears to be 
about the maximum temperature that t h i s  ester can  tolerate.  

As judged by excessive  volatile  product  formation,  Hercoflex 600 appears 
reaonably stable up t o  EOo t o  700' F. 

In   the  case of the  napthenic  oils  (Nectone), a s igni f icant   v i scos i ty   loss  is 
noted at 700' F and higher.  This  viscosity loss is  not accompanied by any other 
serious  degradation  product, such as  the fo rmt ion  of volati le  products.   In a 
closed system, or where access t o  air is res t r ic ted ,  some napthenic-type hydrocaxbons 
appear suitable up t o  70O0 t o  7500 F. This  si tuation may p r e v a i l   i n  a closed high- 
temperature  hydraulic  system. 

OXIDATION STeBIIZCY OF LUBRICANTS 

A t  temperatures  above 450' F, the characteristic  induction  period of a w e l l  
i nh ib i t ed   o r   s t ab i l l zed   o i l  no Longer exists  because  the  oxidation  reaction is so 
rapid. The ro l e  of the  conventional  inhibitor is now tha t  of s la r ing  down oxidation 
rather  than  suppressing it en t i r e ly   fo r  a given  interval of time. I n  studying 
oxidation at high  temperatures,  attention is directed, not  to  an  induction  period, 
but to  the  amount of oxygen assimilated i n  a given ti= by a given  amnmt of o i l ,  
and t o  the changes in   the  propert iee  of the  lubricant produced  by this amount of 
owgen . 

- Tables X I V  t o  XXIV show the effects of various types of oxidation  conditions on 
cer ta in  esters and  mineral o i l s  at 500O F. 

Table XIV presents data for  2-ethylhexyl  sebacate at 500° F and  under various 
conditions of oxidation.  Phenothiazine is s t i l l  active i n  reducing the  over+= 
effects of oxidation at 500° F. The glass  beads serve prinrarily to   increase  the 
contact of air and lubricant.  

Table XV s h m  the  behavior of d i f fe ren t  ester types   d thou t  catalysts at 
500' F, while table WI shows simflar data where glass  beads  have  been  used to in-  
crease the air-oi l   contact .  This increases the severi ty  of the test. I n  the case 
of the phthalate  ester,  the  insoluble6 are primarily  phthaUc  anhydride and  not 
s ludge . 

Tables XVTI t o  XIX show oxidation behavior of several   lubricants a t  500' F 
with a large area of copper  and steel present. One of the   s t r iking  differences 
between the  effects of glass beads and  of  copper  and steel occurs w i t h  the mineral 
oil designated  Voltesso 36. This is a w e l l  refined  naphthenic oF1. Oddation 
under these conditions in  the  presence of the  metals resulted i n  a so l id .   In  
general,  the esters are affected less by the presence of metals at  high temperatures 
(5W0 F) than  mineral  oils. 

Table XVIII contains data for three s i l icate-base fluids and also three sili- 
cone o i l s .  The silicates exhibit  property changes after oxidation  that are com- 

very stable. 
r parable to  those  occurring  in  the mst s tab le  esters. The eflicones, however, are 
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Table XIX shows oxidation data For a blend of 2-ethylhexyl  sebacate and a - 

sil icone. This is a high-temperature-type sil icone, and such a blend has better 
lubricating  properties  than does the silicone  alone. However, upon oxidation a t  
500° F there appears t o  be l i t t l e  advantage, for the.  degradative  properties of the 
blend  are at least as poor as those of the  ester  alone. 

Tables XX and XXI relate mre to hydraulic  oils  than to high-temperature 
lubricants  for  aircraft  turbine  engines. These tests were made at 500° F with 
lindted air  supply (0.6 liter/hr/100- m l  of o i l ) .  Present as catalysts  are  1-inch 
squares of sheet copper, aluminum, and s t ee l .  The reduced air supply is to typic 
a closed  hydraulic system. 

Table XX shows o x l a t i o n  data for some esters,  ana a s i l l c a b  and s i l icone  oi l .  
Table XXI contains data for  various  synthetic hydrocarbons and naphthenic  mineral 
oils .  Under these  oxidation  conditions a t  500' F, but  with a r e s t r i c t ed  air supply, 
mst of t he f lu ids  have satisfactory  properties,  including low corrosion. The 
f lu ids  illustrated represent  high-quality  products commercially avai lable   in  each 
o f t h e   c l a s s e s .  . It should be noted that fur ther   ref ining  with  s i l ica   gel  Slid not 
markedly improve the  quality. 

Phenyl  a-naphthylamine (table XXI) as an  inhibitor  in  mineral   oils   effectively 
retards the   r a t e  of oxidation at 5000 F. 

Table XXII shows that the  properties of an oxidized o i l  are p r imr i ly   d i c t a t ed  
by the m u n t  of oxygen assimilated by a given  amunt of oil, and not on the total 
oxidation ti= or rate of oxidation. This shows that when oxidation can occur, It 
usually dominates therm1 or pyrolytic effects. 

Tables XXIII and XXIV show the   effect  of oxidizing a mineral o i l  and an  ester 
to varying degrees a t  5ooo F. The ester can absorb a larger amount of oxygen before 
i ta   p roper t ies  resemble those of the oxidized mineral oil. 

The preceding  discussion on oxidation has been limited t o  500° 2'. The 
oxidation tests f o r  MIL-L-7808 and MIL-L-6387 f l u i d s  axe conducted a t  347O F. 
Figure 1 and the following table show the   e f fec t  of temperature on oxidation 
(induction  period)  for a fluid typical of these specifications;  the pronounced tem- 
perature  effect  i s  well i l l u s t r a t e d  as follows: 

400. 

450 
500 

Petroleum  Refining  Laboratory 
School of Chemistry  and  Physics 
The Pennsylvania State  college 
S ta t e  College,  Pennsylvania 
Septeniber 9, 1953 



NACA RM E54DV 
c 

33 

TABLE I. - SOME PROPERTIES OF HIGH-TENFEZATLIRE HYDRAULIC FLUIDS 

Test Fluid 
C.O.C. 
fire 

point, OF 

PRL 3313 
PRL 3161 

FBL 3039 

PRL 3414 
F'RL 3415 

(MIL-L- 7808 " p e  ) 

(MIL-L-6387 Type) 

495 

495 

425 
230 
235 

Viscosity, centistokes 
. 

Temperature  st which viscosity 
3.0 cs I 2.0 cs I 1.5 cs 11.0 cs 

is obtained, % 

400 

550 415 340 2 65 

570 435 360 285 

--- 600 510 

107 145 178 240 
72 203 142 109 
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TABLE I1 
F"P PEIFOHMCE STUDIES WITH LOW VISCOSITY FlyDRlluLIC FLUIDS 

Tests conducted with Vickers Hodel PF-17-39l.l-10~ piston pump on F'RL #3 pmp t e s t  stand 

plrmp 
Test No. 
Test Fluid 

Base Stock, 
N.8 

wt .% 
M.% 

Antioxidant, 

Anti-wear Additive,  

Viscosity a t  loooP., cs. 

Viscosity a t  Test Temp., cs. 

Rmp Speed, r.p.m. 

Ranp Inlet  Temp., 'F. 

system PTessUpB, P.8.i. 

Test Time, hrs. 

Average Flow Bate, g.p.m. (3 1 
(1) Narrow boiling fraction 0: 

of New Jersey. 

h 
ed 

2.18 

3600 

100 

3ooo 
24 

3.00 

1.06 

3600 
Po 

2750 

1 

2.76 
ard W 
_*c 

(2) Narrnu boil.& gas o i l  finm Pennsylvania  crude  obtained from Kendall Refining Company. 
(3) Flow rates are an average for the entire t e s t  tlme. 
(4) Tests 246 and 249 were conducted on the sane tes t  f luid under the same conditions. The resultant 

f l o w  rates indicate that  the volumetric efficiency has not been altered by t e s t s  and 248. 
Petrolem ReFlniag Laboratory 
School of C h e m i s t r y  and Ftryaics 

The Penuaylvania State College 
State College, Fkwylvania 
Januarp 26, 19B 

I , 
.. . . . . . .  . 
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TABLE I11 
EFFECT OF BULK O I L  TFM?ERATURE ON THE WEAR CHARACTERISTICS OF SEVE;RAL LUBRICANTS 

I N  THE S€!ELL FOUR-BALL WEAR TESTER 

Test Conditions  Include:  Test Time = 1 Hour; Test Temperature as Indicated; Test Speed - 850 r.p.m.; 
Steel Balls = SKF Industries Grade 81 (0.5-inch Diameter) Steel Bearings, PRL Batch #8. 

Test  Fluid PRL 3090 = Necton  42, a low pour pint mineral o i l   f r a c t i o n  having 32.3 centistokes 
viscosity a t  100°F. + 0.4 I%.% Paranox 4.42.. 

PRL 3091 - 1.0 Wt.% Tricresyl Phosphate i n  PRL 3090. 
PRL 2571, = Spec. 51-F-21 type  fluid  prepared  without  an  anti-wear  additive. 
PRL 3078 = Spec. 51-F-Zl fluid  containing 1.0 Wt$ Tricresyl Phosphate. 
PRL 2429 = Di-2-ElLhylhexyl Sebacate. 
PRL 2860 = 1.0 W.$ Tricresyl Phosphate * 0.4 Wt.$ Paranox 44.l. i n  Di-2-Ethylheqcl Sebacate. 
PRL 3069 = ExperimerTLal Gear Box Lubricant  prepared by Rohm and Haas. Contains 1.0 Wt .% 
PRL 3077 = Ekperimental  ester-base  hydraulic f lu id  prepared  without an anti-wear additive. 
PRL 3039 = &perimen+,al  ester-base  hydraulic fluid  containing 1.0 I&.$ Tricresyl Phosphate. 

Tricresyl Phosphate and 7.5 Wt.% Santopoid S. 

PRL 
No. 

3090 
3091 
2574 
3078 
a 2 9  
2860 

Test Temperature, O F .  Test Tel 
167 I 266 I 300 I 351 I 399 167 I 266 
0.22 I 0.28 ' 0.32 I 0.38 ' 0.30 0.58 ' 0.58 
0.14 I 0.15 1 0.17 I 0.18 I 0.25  0.33 I 0026 
0.35 0.44 0.38 0.41 0.33  0.56 0.65 
0.15 I 0.16 I 0.15 I 0.15 I 0 . a  0.22 I 0.22 
0.26 0.49 0.46 0.44 0.52 0.55 0*54 
0.1~1 0.17 I 0.15 I 0.16 I 0.18 0.25 1 0.25 

Petroleum RefMng Laboratory 
School o f  Chemistry and Physics 

+ 
I 
I 
I 

300 
0.56 
0.28 
0.56 
0.25 
0.58 
0.26 

0.39 0.35 
0.28 I 0.33 

0.23 0.23 
0.78 I 0.84 
0.26 I 0.30 

0.57 I 0.51 

167 I 266 I 300 
0.56 ' 0.6h 0.84 
0.67 I 0.84 I 0.n 

0.44 I I  0.54 0.70 
0.60 0.91  0.97 

0.66 0.76 0.84 

0.38 1 1  O , W ,  0.91 

t 
I 
I 
I 
I 
I 

The Pennsylvania State  College 
State  College,  Pennsylvania 
January 26, 1953 

0.93 I 0.91 
0.97 0.84 
1.04 I 1.19 
0.97 0.97 
0.91  10.91 



TABLE IV 
WEAR CH4RA~GICT~ICS OF SWE Low VISCOSITY HYDRAULIC nmDS 

Tests Conducted in the  Shell Four&ll Wear Tester 
Test  Conditions  Include:  Test Time = 1 hr.; Test Temp. = 75’C.; 
Test Speed = 8% r.p.m.; Steel  E l l s  = SKF Industries Grade #l 

(0.5 inch Diameter) Steel Ball Bearings, PFZ Batch #lo 
”. 

Test  Fluid 
Composition i n  Wt.% 

M-2-ethylheql  Sebacate 

0.4 Paranox y3 + 1.0 Tricresyl 
Phosphate i n  PRL 2429 

3.9 Acryloid HF-25 + 0.5 Phenothiazine 
+ 5.0 Tricresyl F’hosphatelin PRC 2429 

0.1, Paranox 4U + .O Tricresyl Phosphate 
in XCT White Oil(1 5 
0.4 Paranox + 5.0 Tricresyl Phosphate 
in k&ll C-13 92) 

i Average Wear Scar Diameter, mm. 
Steel-on-Steel Bearing Surfaces 
1 Kg. I 10 Kg. I 40 Kg. 
0.26 0.55 0.60 

I 
0.14 I 0.25 I q.38 

i 
0.13 1 0.22 0.38 I 

I 0.15 0.48 I 0.45 
(1) N a r r o w  boiling  fraction  of  highly  refined  naphthenic  gas  oil  obtained from the  Standard Oil 

(2) Narrow boiling fraction of  Pennsylvania gas o i l  obtained from the Kendall Refining Company. 
Company of New Jersey. 

Visc. at 
100°F.. cs. 

12.6 

12.7 

22.5 

3.27 

2.18 
I 

Petroleum Refining  Laboratory 
School of  Chemistry and Phyeics 
The Pennsylvania State College 
State College,  Pennsylvania 
J~mary 26, 2953 
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TABIX v. - VOLUMETRIC EFFICIENCY VERSUS 

F’LUID VISCOSITY IN A VICKERS 

PF-17-39ll-lOZEZ P I S T O N  HTMP 

Fluid 
v iscos i ty .  
cent is tokes 

Volumetric 
del ivery,  

gal/mtn 

3.10 
3.04 
3.00 
2.89 

I 2.76 

aVolumetric  delivery with typical 
MIL-0-5606 f lu id  at looo F is consid- 
ered 100 percent of maximum delivery. 

37 

Percent of 
maximuma 
de l ivery  
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TABLF: V I  
WEAB cHARAcpmsT1c3 OF SWHlllL FLUIDS 

TEST CDlOlT lOM IUUWE: FOUR-BALL Y I  TESTER: TEST T I E  - I ROVR; TEST TEMPERATUR - 7yC.; TEST SPEED I 850 R.P.M. 
EflFSIE-PRESSIRE LUBRICANT TESTER: TEST T I E  - I MIHUTE; TEST T E M R A T U R  - R O W  TEWERATUR (70-BDOF.); TEST SPEED - 

STEEL B U S  I SKF  IWUSTRIES  ORME $1 (0.5 IHCH DIAIIETER)  STEEL  BALL BEARINGS. PRL BATCH #IO. 
1750 R.P.M. 

PRL 
NO. COHPOSITIDWS 1 1 1  Vr.$ TEST FLUIO 

3107 Dl-2-EMYLHEXYL  SEMCATE 

9382 SILICATE-BASE HYDRAULIC FLU10 

34~6 BIL ICAE-BASE WYWULIC.FUl0 

9357 6.E. SILICDE FLUID, SMIPLE 

tKQ 5277) 

(NO 5271) 

110. p 3 0 - 1 8 9  

935e B.E. S I L I C O Y  R'IID, S W E  
NO. 3 ~ ~ 1 ~ 4  

- - - - Y E A R  TESTER - - - - - 

0.34 I 0.56 I 0.69 

" I " 
o.gy 2.27 

I 

0.39 I 1.96 

Q.26 I 0.40 

T H  PEYWSYLVAIIIA STATE  COLLEGE 
STATE COLLEGE, PEIIIEYLVAW~A 
FEBRUARY 4, 1959 

I 

I I 

;€ is.-= 
.. . . .  . 
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TAEU VI1 
5E'F?%T CP €DM O I L  T E W E U m  ON THB WEAR CHARACTEBISTICS OF SEVELAL FLUIDS 

J E T H E s H E L t p o u R - B A L L u B A B ~  
Test  Conditions  Include: Teat Time - 1 Hour; Test Temperature aB Indicated;  Test Speed = 8W r.p.m.; 

Test Fluid: PRL 3078 = Spec. 51-F-21 Flu ( A q l o i d 4 i n e r a l  W Blend Containing 1.0 Wt.% "ricresyl 
Steel Balls = 9Kp Induetries Grade h (0.5 inch Diameter) Steel  Ball harings, PRL Batch #lo. 

Phosphate). 

Sebacate , 

(W Dedguation #u) 5m). 

PRL 2860 = 1.0 Wt.% Ricresyl  Phasphate + 0.4 Met.$ Paranor 44l  in Di-2-Rhylhexfl 

PFU 3lJ6 = Silicate Baae Hydraulic Fluid Jbceived fmm the Wright Afr Development Center 

PRL 3357 - General Electric  Silicone Fluid, sample h b e r  370-30-183. 
PRL 3358 - General Electric Sillcone Fluid, h p l e  Number- 370-30-184. 

- 
""" -Average Wear Scar Djameter, m. fo r  Steel-on-Steel baring Surfaces - - - - - - - - 

1 Kilogram Load lo Kilogram Load 40 Kilogram Load 
Test Temperature. OF. I Test Temerature. OF. I Test  Temmrature. OF. 

'300 1 351 
0.15 0.15 

0.15 I 0.16 
0.31,I0.34 

0.78 11.04 

t 
1 
I 
I 

t 
I 
I 
I 

t 
I 
I 
I 

t 
I 
I 
I 

32 1 1.52 11.36 I 2.60 12.70 I 2.70 I 2.60 4 d, 
Petroleum Ref- Laboratory 
School of C h d s t r y  and W c s  
'Rm Psnnaylvanir State College 
State College, PeansJ1vad.a 
Jarmar7 29, 1953 
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DI-2-ETtlYLHEXYL  SEEACATE 
014-ETHYLHEXYL AZELATE 
Dl-Z-ETHYLHEXYL MIPATE 
"ISDOClYL" ADlPITE (PLEXOL 244) 

DI-Z-ETHYLHEXTL  PHTHALATE 
Dl CAPRYL 3EEYITE 
Dl-SECMNL SEEACATE 

ol-ptmnn BIITYL MIPATE 

oi-suioxyann SOBACATE 

TRIETWLEHE  BLYCM 019-ETHYLEWOATE 
HERCOFLEX boo 
FQLYETHYLEHE  GLYCM. D I - 2 - ~ ~ E X A H O A T E  
WLYBLYCM. l e '  
POLYGLYCOL E-* 
WLYGLYCOL P,roo* 

SILICOH€ NO. 
SILICOE NO. 7Ol* 
TRICRESYL PHCWHITP - 

FLUIDS DO ROT CORTAIR  PHEHOTHIAZIHE. 

mu6 A TIBIITI-FIYE 6n . THE  SEAL  ALLOYS PASS 
0 THE STIdT OF M TEST 
$IFFACE OF THE TEST F L U  

8.11 
9.99 

4.7 
4. w 

19.2 
7. F 
10.8 22. I 
8.61 

E OF Y 
CHAR@ 

RE m 
EY R I  - - 

6 LO88 

':I)". 
2.0 
0.0 
2.0 
0.0 
4.0 
6.0 
4.0 
8.0 
2.0 
2.0 
2.0 
4.0 
2.0 
0.0 
2.0 
0.0 
2.0 

0.0 
2.0 

COWTAII 
- 

F TEST FLUID. TAE E S T  TlsES U S m  lRE LALED UlTn A U TUBE 

E OF THE SEALED TUC IS llEPLlcE0 AWROXllUTELY 4 TIRES VlTR 
WT R( AIR In UITII m33m CIIAN~W GREATER ww 4 1 n m s  

OF A SElLEClH CAPILLARY  TUBE. 

ESE THE 
1 I )  PER CElT LO99 IN WT. 18 6000 TO 2 2.M OR 0.5 BRAKS. 
(2)  CAy8TALS  FOMED AROUND THE  TOP  OF  THE  TUBE UHICH  UA8  EXPOSED TO ROW TEMPERATURE. CRYBTUS IDfmlFlED A3 SEBACIC A C I D  I H  PRL flog WID 

(3)  W CJWWHT OF UHlOENTlFllLE SLUDBE PAEIl lT IH THE LIPUID. 
( 4  ORlOlNAL FLUID I D  FLUID  FOLLWING TE3T ARE WIC. 
(51 80110 PDRTloW IDEKTlFlED AS SEBACIC ACID. THE PEHWSYLVANIA  ST4TE  COLLEQE 

PRL 9265, AND PHTHALIC AHHYOAIOE I n  PRL 2975. 
PETROLEUW REFIWIWB LABORITORY 
S C H W L  OF CHEIIISTAY AND PHISICS 

STATE COUEE, PEWHSYLVAYIA 
M U C H  8, 1952 

THEORETICAL 
EASED OY 

RE. 

I 
F 
F 
!2 

. .. 

I I 
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TARU Ix 
THERMAI, STABILITP TESTS AT W°F. WrrH METAL CATALYSTS PRF;SENT 

TESTS ARE  CONDUCTED AT 500 f 5.0°F. FOR 20 HOURS USIN6 A F I F T Y  GRAM  CHARGE OF TEST  FLUID.  TllE TEST  TUBES USED  ARE SEALED  WITH A U TUBE 
CONTAINING  APPROXIMATELY 3 ML. OF THE  TEST  FLUID. THE SEAL ALLOWS  PASSAGE OF GAS  OUT OR A I R   I N  WITH PRESSURE  CHANGES  GREATER THAN 4 

4 TIMES YlTll NITROGEN.  THE WITROGEN I S  INTRODUCED  ABOVE  THE  SURFACE OF THE TEST F L U I D  BY  MEAN8  OF  A SEACED-IN  CAPILLARY TUOE. 
INCHES  OF F L U I D  - APPROXIMATELY I /4 LO./SQ. IN .  PRIOR TO THE START OF THE TEST,  THE VOLUME  OF  THE SEALED TUBE I S  REPLACED  APPROXIMATELY 

'ST = A I IHCH SQUAPE EACH OF THE;  INDICATED  KTALS.  
ALL FLUIDS  EXCEPT THOSE INDICATED BY AN ASTERISK (*) CONTAIN 0.5 WEIGHT  PER  CENT PHENOTHIAZINE. 

-. q 

CENTISTOKE  VISCOSITY 
IOOOF. 

I 

I LOSS 
N UT. 
- ( 1 )  

0.0 

I .o 

0.0 

I .o 

I .o 

I .o 

5.4 

0.0 

0.0 

0.0 

0.0 - 

CHANGE I N  CATALYST KT., 
MG./SO.  CH. ISTEEL j AL j MG 1 AG 

,-0.49 0.00 -0.80 -0.02 

cu 
-0.01 
- 

0.00 

4.1 I 

+o.O0 

0.00 

-0.08 

0.00 

+o. 1 0  

HI.02 

0.00 

FLU ID 

Dl-2-ETHYLHEXYL SEOACATE 

D I-2-ETHYLHEXYL SEOACATE 
( D I S T I L L E D  GRADE) 

Dl-2-ETHYLHEXYL  PHTHALATE 

Dl-2-EMYLHEXYL  AZELATE 

HERCOFLEX 600 

12.9 

90. I 

10.8 

22. I 

0.61 

+I .6 

-16.3 

-1.9 

-0.9 

+I .4 

-9.9 

w.9 
+2.9 

-19.3 

I 2.5 

24.6 

10.6 

21.9 

8.79 1 -0.80 

-0. OB 

-0.28 

0.00 

0.00 

w.02 

0.2 I 1.9 I 0.1 I .e 
4.2 I NONE 

0.1 NONE 

NONE 

2.0 1 0.3 

0.0 I 0.0 I - 

TRI  ETHYLENE  GLYCOL Dl-2-ETHYL- 
HEXOATE 

DI-9-KTHYLDUTYL  ADIPATE 

VOLTESSO-96* 

SILICONE 70 I F L U   I D  (DOW CORN I NG) 

I 
0.2 9.2 I 0.2 1 - 

1 

BATCH 5900 (SPEC. MtL-L-Jeoe 
TYPE GEAR LUBE) 

4 TRICRESYL PHOSPHATE* 

ER CENT LOSS I N  WEIGHT I S  GOOD TO 

Kl.01 0.00 0.00 - A 
PETROLEUM REFINING LABORATORY 
SCHOOL OF CIIEMISTRY AND PHYSICS 
THE PENHSYLVANIA  STATE  COLLEGE 
STATE  CULLEBE,  PENNSYLVANIA 
JANUARY 28, 1 9 5 3  
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TABLE X 

THWWLL STABILITY OF VARI(XT9 FLUIDS AT 600°F. 

TESTS ARE CONOUClED AT do0 2 5OF. FOR 6 HOURS USIHQ A TYEHTY-FIVE 6RAM CHARGE OF TEST FLUIO. THE TEST  TUBE3 USED AllE S E U D  WITH A U TUBE 
COHTAlYlNS  APPROXIMATELY 3 WL. OF  THE TEST  FLUID.  THE  SEAL ALLWS PASSAGE OF GAS Olrr OR A I R  IW Y l T H  PRESSURE CHANMS GAATER THAH 4 IHCtES OF 
F L U I D  - APPROXIMTELY  1 /4  LB./SQ. IN. PRIOR TO  THE  START,OF  THE  TEST, THE VOLURE OF THE SEALED TUBE IS REPLACED A P P R O X I M T E L Y ' 4   T I R S   Y l T H  
WITROSEH. TIE HITROGEW IS IHTROOUCEO ABOVE TAE SURFACE OF'THE TEST FLUID UY MEAWS OF A a E w t - I H  CAPILLAPY TUBE. 

F L U I D  

Dl-2-ETHYLHEXYL  SEBACATE 
Dl-2-ETHVLHEXYL  AZELATE 
Dl-2-ETHYLUEXIL ADIPATE 

TRIETHYLEWE GCYCOL O I - 2 - E T t l n -  
H E R C ~ F L E X  600 

POLYETHYLEHE OLYOOL 01-2-ETHYL- 
HEUHOATE 

HEXANIXTE ! 
POLYOLYCOL E - w  
PoLYeLYCOL P u n  

UCOH LIIhRICAWT gO&i-55 
UCON LUBRICAhT KEde-ER 
WOK UJBRICAHT  LE- I  9.5 
WON: L U E R I C A I N   L E - I 1 4 5  

NECTON 42 
0-TERPHEM 
TRICREBYL PHOBPHATE 

IEWT FLUID REIIAIHING FOR VISCOSITY DETER 
IES DETERnlHEO AT !?IFF. 

M I I G I N A L  F l W  1 $ CHANGE 
CENTISTOE  V ISCOSITY AT IW'F. 

I 

8.1 I 
9.99 
4.87 
29.7 
93.9 
10.8 

22. I 
s.6r 

11.0 
95.8 
39.7 
9.04 

28.2 
1.1.0 

298. I 

9.4 
4.53[*) 
2.4 

-12.8 
-12.3 

+19.8 

-81.4 

*I .4 

-20.4 

- 

-16.9 

-20.5 

-16.5 
-1.4 

+34.6 
-2 a 
-%:7 
-66.0 

+l.j 
-0.9 

-1e.g 
+7.2 

M.4 

I I 

YATIOH. 

5 LOSS 
I N  

YE 16HT 

2.0 
0.0 
0.0 

10.0 

20.0 

4.4 

0.0 

4.0 

- 

9.0 

20. q 

9.9 
2.0 
8.0 

25.0 
39.Q 91 .o 
g0.0 

2.0 
2.0 
0.0 

2.0 
0.0 

PETROCEU 
SCHOOL 0 

STATE Coi 
THE PEWR 

FEBRUAAl 

0.1 
0.3 
0.0 

0.2 
0.2 

0.3 

.% 

0.1 

0.6 

0.2 

0.1 
0.0 

0.2 
8.6 
0.6 
0.4 

0.2 

0.2 
0.1 

0.1 
0. I 

(RG. KOHr.F!llL[ 
IIEUT. NO. 

OR16. 

25.9 
91 .o 
28.0 
50.0 
45.0 
77- I 

195.0 
. s 4  

2. I 

8 :1 

6 .J 
0 2  
0.6 

I .6 
7.5 

0.2 

4.0 

0.2 
0. I 
'2;s 

0:o 
0.3 

. . .  
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WXI 

THERMAL STABILITY OF VARIOUS FLUIDS IN A STAINLESS STEEL GYLINDER AT 600OF. 

TESTS CONDUCTED AT 600 5 YF. FOR A PER ICD OF 6 HOURS USING A FLUID CHARGE OF 20 ML. THE TOTAL VOLUME OF THE STAINLESS STEEL CYLINDER 
IS 46 ML. PRIOR  TO  STARTING THE TEST T I E  SYSTEM IS P4ROED WITH  NITROGEN FOR A PER100 OF 15 MINUTES. THE SYSTEM IS THEN  SEALEO AND  THE 
TEST STARTED. THE PRESSURE  OF  THE NITROGEN  AT 6000~. IS ADOUT 20 P.S.1. 6A6E. 

PRL 
NO. 

3371 

3176 

FLUID 

Dl-2-ETHYLHEXYL SEBACATE 

TRIETHYLENE GLYCOL 01-2- 
ETHYLHEXANOATE 

HERCOFLEX 600 

POLYBLYCOL E-300 

TRICRESYL PHOSPHATE 

SILICATE FLUID (MLO 5277) 

S IL ICONE  FLUIP  (OOU CORNING) 

CENTISTOKE  VISCOSITY 
K U T .  NO. 

(MG.  KOH/SM. O I L )  
F I HAL CHANGE 

8.61 

22. I 

35.8 

38.4 

-2.3 0. I 

-14.8 -0.4 0.7 

w . 0  

MAX I MUM 
SYSTEM 
PRESSURE 
P.S. I .  

72 

I44 

35 

247 

30 

35 

$ 

F I N A L  
PRESSURE 
AT ROOM 
TEMPERATURE 

27.9 I 16.6 -40.5 
0.1 I 0.1 

0.0 7.28 I 7.72 4.0 0. I I I 

0 

33 
6 

49 

0 

0 

6 

SCHOOL OF CHEMISTRY  AN0  PHYSICS 
PETROLEUN REFINING LABORATORY 

TllE  PENNSYLVANIA  STATE COLLEGE 

MARC11 25, 1953 
STATE COLLEGE, PENNSYLVANIA 

4 
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TAELE XI1 
THERNAI, STABILITY OF VAFUWS TPPES CP HEDFOCARBONS AT HIGH TWl3lATURW 

TESTS M E  COHWCTED FOR A 6 HOUR PERIOD USING A 25 G R A n  CHARGE OF TEST  FLUID.  THE  TEST  TUBES ARE SEALED  WITH A U-TUBE  CONTAININQ  IPPROXI- 
MATELY 3 It. OF TEST  FLUID.  THE  SEAL A L L Y S  PASSAGE OF 6A3 OUT OR AIR IY WITH P R E S S U E  CHANGES  GREATER THAN 4 IRCHES OF F L U I D  - 

.APA(OXlHATELY I / 4  LB./90i IN. PRIOR TO THE  START OF THE TEST ME V O L U R  OF THE  SEALED  TUBE 19 REPLACED  APPROXIMATELY 4 T I E S  WITH 

NAPHTHElllC MINERAL  OILS 
WECTMl 42 [ESSO) 
NECTOW 45 € 3 8 0 )  
MECTON 5.5 I E S 9 0 )  
H U m E  PALE. D .fESSOJ 

# I T d O b E N .   T H E   k I T R O s ' E R ~ I 3  IHTROOUCED  ABOVE  THE  SURFACE OF THE  TEST FLUID BY HEAH3 OF A  SEALED-IR'CAPIL 

A R O M T I C  M I H E R N  OILS 
P O L Y A l M  NAPHTHALENES 
SOVOLOIO (SOCONY-VACUUHl 
OCA TAR ( E 3 9 0 1  

.LA 

.51 
AY TUBE. 

NEUT.  NUWER (HG. KOH/GM. O I L  
OR16. \ F I N A L  

I 

r 

0.0 I 0.1 

0.0 I 0.0 
O.I. I 
0.0 ' 0.0 

0. I 0. I 

0.4 

0.0 I 0.1 

: I  
0.0 0.4 
0.0 I 0.2 
0.1 1 0.1 

1 1 )  TEST TEMPERATURE IS DETERMINED BY THE T E ~ E R A T U R E  AT UHICH R E F ~ U X  1s n o w  WITH THE TEST FLUID. AS DECOMPOSITION OCCURS WRING TVE 
TEST,  THE  TEST  TEWERATURE IS REDUCED SO THAT A 6ENTLE REFLUX IS HA(NtAINED  IN  THE  PART OF THE  TEST  TUBE mlCR IS NOT I W R S E D  I N  M E  
H16H TEWPERATURE BATH. 

(2) CENTISTOKE  V lSCOSl lY   OBTAINED AT 21PF. 

PETRROLEUH REFIWIIIG LABORATORY 
SCHo(R OF  CHERISTRY AND PHYSICS 
THE  PENWSYLVANIA  STATE  COLLEGE 
STATE  COLLEGE,  PENHSYLVANIA 
M Y  15, 1953 

I L 

. . . .  .. 
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TABIE XI11 

T m m L  s-OF m m s  
TESTS A R E  CONDUCTED FOR A PERIOD OF 6 HOIRS USIWG A 2 5  ERAn CHARQE OF TEST FLUID. THE TEST TL18ES AB S E U D  YlTH A U-TUBE C O R T A I N I K  

“ R O X I W A T E L Y  3 K. OF TEST FLUID. THE S A L  ALLOW PASSAGE OF 6AS OUT OR AIR In UlTH PRBSURE C H A M S   G V A T E R  THAN 4 lNCW OF 
FLUID - APPROXIMATELY 114 LB./aQ. IHCH. PRIOR TO TIE S T A R T  OF Tl lE  TEST, THE VOLUM OF  THE SEALED  TLBE 18 REPLACED A P P R O X I W A ~ Y  
4 T I E 3  YlTH N I T R O G E L  THE NITROGEN I3 INTRODUCED A O O V E  THE SURFACE OF THE TEST FLUID BY EA119 OF A SEALED-IN  CAPILLARY  TUBE. 

FLUID 

Dl-P-ETHYLHEXYL SEBACATE 

Dl-2-ETHYLHEXYL  SEEACATE 

P57 HERCOFLEX 600 

9057 

2 0 3 1  WECTON 97 

NECTOH 55  
NECTON 42 

’On 
HERCOFLEX 600 
HEROFLEX bo0 %’* 
HERCOFLEX 600 

12.7 
12.7 

22. I 
22. I 

22. I 
e2. I 

[I) APPAOXIWATELY  HALF OF TI118 L O 5 8  FROn THE T H E R H K   S T A B I L I T Y  TUBE HA8 LCOYEAED IN A DAY ICE TRAP. 

$ LOSS 
NELII. WWER 

(ME. KOH/R. OIL) 
I R  YEIGHT ORIE. I F I N A L  

SCHOOL OF CHEMISTRY AWD PHYBIC8 
PETROLEM REFINING L A B O R A T I V  

THE  PEWWSYLVANIA STATE COILEGE 
STATE COLLEE,  PENMSYLVAHIA 
JUNE 901 1959 

~ .. . 
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- 
IST FLUID DE916NATIOl, PRL NO. 

R(IPERTIE3 ff VIKATILE PROQVCTS: 
urn LAYER? IIEUT. no. 
HYOROPMlYll LAYW: NEUT. IO. 

~ B I I * I Y F  nn. 
s 
I) YOC&TICE PROOUMS ARE  COLLECTEO I 

UETEWINOD THAT  THE AIR USED DOE 

.." 

4 
+I 9 

0. I 
8.1 

15 

0.6 0.4 
0. I 

6.8 
1.0 
1.5 

::T 

+I8 * 
8oLID SOLID 

I .6 
19.6 

-0.4 
0. I 

TRACE 0.1 

59 - 

3338 
I 

t 

- 

IT HA3 BEEN 



CMIDATIOll S'NMB AT 5oOOP. 
TEST C O l D I T I M 1 9   I I C L U U :  TEST W O U T U R E  - * TF.; TEST J M E  - 6 MwR61; AIR RATE - IO f I L I W  R R  HWR: TEBT FLUID MAAGED = 1 0 0  n.: 

CATALYET - 9 m. SLUJ BEADS; CATALYST AREA - IW m. 
TEST R u l D  I PRL 9109 I 

'0LYETliRElE 

PI-2-myL- 
GLICOL 

HEx4uwE 

PRL 9177 

0.5 

F::, 
15.1 

t., 

n.5 
94 

7. 
I .o 

21 
IO 

5.6 

9.55 
0.09 
0.24 

17.5 

Y 
-7 

1.5 
I4  

TRACE 

DIPROPYLEYE 

PELARGOIATE 
B L Y W L  01- 

1970 

0 , s  

91 .O 
0.22 
89.0 
99 
I .7 

0.9 
8.4 

44 
5.6 

5 

2.61 
0.m 
0.52 
19.6 

+IF 
447 

0.4 

PHENOTHIAZIOE. UT,$ Y O R E  1 0.5 

L I a u I o  CAARGEO, GRIM 
L IQUID CHAREED, MOL3 
L l W l O  111 TUBE F O L L W I I G  TEST, O W  
$ RECOVERY [EASED OW TOTAL CURBE) 

96.5 

9 . 5  
0.25 

96 
15.1 
2.8 
0.4 

2.0 
47 

I t E  

".'8 0. I 

5' 

0.12 

3.9 

+I4 
+?a 

APPROX.' MWRT OF OXYGEN SUPPLIED, DpMS(1) 
APPROX. AllOUHT OF OXYGEII USED, G W  1 )  
APPPOX. wOL8 OF O X Y E N  USuI / IoC ff ESTER 

VOLATILE PRODUCT8 IN COLD TRCP 
UATER LAYER: Y I E H T ,  O R 1 1 1 9  

HYDRWARnW LAYER: WEIOHT, GUM 
. .  . ONT. IO. 

. . . . . . . . . 

NEUT. YO. 
B R I I Y E  WO. 

VOLATILE PROOUCTS I# AesDRPTld TU8ES(2) 

15.7 
8.8 
I .4 

2.0 
2E 

4.8 

E 
e.79 
0.27 

0.02 I 
TOTAL. WLATILE PRODUCTS, o w ( 9 )  
PROPERTIES OF LtOUID & X U C T  FALW TUBE 

C H U M  IO Vt3COSll? AT 
I F F .  
OOF. 

H U T .  NO. (HG. X O H / W  OIL): 
ORIGINAL 
FINK 

N.(.IRUM.UE MATERIAL 

I '  
x 
I 

x 
2 

S.T.P.1 X TIRE IHR.) 
IMPLIIIG ff EXAAUST GASES A I D  ff lALYS19 fOR E 

LIN M Y  A P P R E C l l B U  l l l W n T S  OF WATER OR CAUf 
EXHAUST GASES THRWfH A MY ICE TRAP, DRIER 

IYCLUOIHC ME LIQUIDS la 'IHE COLD TUP AIIO 
IN sysm. 
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I L 

. . . . . . . . . . . . . . . . . . - 
CK-7 

. . . . . . . . . . 

= .  

HOUR; 

1 7  
I .o 

3.0 

5:0 

41 

9-6 
29 

0.46 
h7 
0.25 

1e.5 

28 

WNT. iw. 

TOTK VOLATILE  PROWCTB "3 
PI(OPERTIE8 OF LlPUlD FRbr mi€: 

$ CHARBE Iil VI9cU31lV AT 
Ij0.F. 

A.S.T.N. UlllOH CRkr 
ORlBlML 

:GER UBED 18 PLOTTFO A E A l W T  TIME. 
,TIVATED  CHUCOK. IT HA.! LEN 

:s l i  skm. 



. . . . .  . .. . . .. . .. 

h 

TEST  COHDITIOMS  IIICLUOE:  TEST TEMPERATURE 
CATALYST SURFACE = IW SO. CH. ( 5 0 : 5  

TEST  FLUID  

L l O U l D  CHARGED. G R A l s  
LIOUIO cnwBED; HOLES 

~ 

L I Q U I D  IW TUBE F O L L W I N G  TEST, G R A M  
RECOVERY (RASED OH TOTAL CHARGE) 

APPROX. AllOUWT OF OXYGU SUPPLIED, '6 $( I )  
APPROX. MUKT Cf O X i G E R  USED, 6 W 3  PY I 
APPROX. MOLES OF OXYQEH USED/HOLE OF ESTER 

VOLATILE  PRODUCTS IW COLD TAU: 
YATER LAYER: UE16HT, GRAB 

# E m .  NO. 

HYDROCAQBOl  LAYER:' YlQHT D R A W  
UFIIT. in.. 

~ .." 
. , . . ., . . . .... . .. . . . ..BmrmE' , 

VOLATILE  PRODUeT3 I n  ABSORPTIOH TUUES:(2) 

CARBON HONOXIE.  BRMS 
CARBOW uIaxIct, GMN 

T O T A L   V O U T I L E  PROOUCTS, . ' ! 
P W R T I E S  OF L l P U l O  FFfH TUBE: , , 

$ C H A W  IN Yl8CMiITY 4T. 
: Ip'F: , . . .  

" W .  : 

A.8'.T.H. UHlOH COLOR: 

FlWAL , , 

' ORIGIWC 

UT.$ I!i?l%iUBLE "ERIW. 
C H A i l L  .IN YT. OF CATALYST [nO./CM.*) 

STEEL 
COPPER 

' ( 1 1  M O U H T  OXYGER SUPPLIED  CALCULAIED A3 FO 
OF DXYGEH CONSUWEO DETCRHIHED PT FREQllE 

(2) VOLATILE  PRODUCTS 4RE CRLECTED E'? PAS8 

( 3 )  EXCESBIYE L W  BELIEVE0  TO BE OJE IO L E  
DETEl(nlWE0  TnCT THE A M  WED OK3 ii01 C 

SCHOOC OF C l K n l S %  MD P H f l I t s  
PETROLEUH R E F l R l  LAWPATORY 

. .  . .  

h 
NT 

'ON' 
AK: 

I I mI 

TABLE XVXII 
OXIDATION STUDIES AT X)O*P. 

5 0 0  5OF.; TEST TI& = 6 HOURI); A I R  
:OPPER:STEEL JACK C R I I I ) .  

0.18 
71.0 
95 
15-7 

i:l 
I .o 
0.3 

11.6 

.-Q.!? 
5.7 

1.10 
0.6 
0.00 
0.02 

19.7 

+d 
+Y 

0. I 
.os 

x 
2 

I .a 

RATE = I O  2 I L I T E R S  PER HOW; TEST  FLUID C H # L O  - 100 R.; 

56.0 
97 
15.7 

0.9 
7. I 

I 4.7 
2.0 

91.2 
8.7 

I .42 
I .7 

0.02 
0.00 

96.4 

.2.1 

+ q  
+2190 

0. I 
! 0.0 

x 
2 

0.5 

;.E. SIL ICOHE 
PAL  915a 

O I L  

98.0 

ga 
15.7 

96.5 

0.16 

T R M E  

TRACE - 
- .  

TRACE 
0.11 

0.w 
0.04 

0 .  I 5  

.r2 
'7 

a. I 
0. I 

I 
e 

N O E '  

0.W 

rn 4 . 0 4  

USED IS PLOT 

- 
PRL 9957 

i.E. S l L l C G N E  
O I L  

9 .0  

97.0 
99 
15.7 

i 0.16 

TRACE - 
TRACE - 

. . - .  . 

TR4CE 
.O.lj 

0.00 
0.06 

0.49 

+9 
+7 
0.b 
0.0 

I 
e 

.NOHE 

4 . M  

I 

J I 

THE PENNSYLVANIA  STATE  COLLEff  
STATE COLLEGE PEHHSYLVAl l lA 
J A W M Y  31 ,' 1453 

e '  , 
.. . . . . .  . .  
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CK-7 back 
= ,  

TEST  CONOlT lOB INCLUDE: TEST  TEWERATURE 500 * 5*F.; TEST T I M  6 HOLRS; AIR RATE I IO * I LITERS/IIOLR;  TEST FLUID CI lM6ED - IW &.; AND 
CATALYST SURFACE - 1500 sa. w. (so:w COPPER-STEEL JACK.CMIHI 

L lau lo  CHARBED, GRUB 
L I Q U I D   C A A B E O ,  HOLES 
L l P U l D  IN TUBE  FOLLWIWB TEST. 6113. 
$ RECCWERY (BASED OW TOTAL  CII~RGE) 

APPROX. AnOUHT Cf OXYGEN U3EOl 6 R h f l  
APPROX. W m E S  OF OXYGER USEO/HM.E OF ESTER 

VQATILE PRODUCTS IH COLD T W :  

APPROX. AMUWT OF oxyun  ~UPPLIEO G ( 1  I 

YATER LAYER: YIBHT, eRwIs 
IIEUT. NO. 

HYOROCARBON LAYER: UEIGM,  BRARS 

VOLATILE PRODUCTS IY ~ 8 s o n m 1 o n  TUBES: [~ )  

WEUT. R. 
EAOnltE 110. 

CARBON HONUld. 6 R M  
CARUOH DIOXIDE BPAW 

WATER' GRAKS ' ~ 

H Y O R ~ A R E O Y ,  ww 
TOTAL  VOLATILE PRODUCTS GRAB 
PRWERTIES OF L l Q U l O  FRbr TUBE: 

CIIANBE I N  VlSCOSlrY 
AT  190'F. 

IEUI. NO. (Me. KOH/W. OIL): 
AT .WF. 

OR16lMl 

Dl -2 -ET IMHEXYL 
SEEACATE 

mL 9107 

0.5 
9.0 
a.21 
01.5 
97 

L.S.T.M. union corn: 
F I I A L  

FIWAL 
ORIGIHAL 

UT.$ INSOLUBLE  MATERIAL 
CHANBE IN YI. OF CATKYSTS  (f f i . /CK2) 

STEEL 
COPPER 

( I )  Mu)UHT OXYGEN SUPPLIED CALCULATED AS F B L (  
OF  OXYGEW CONSUED DETERMINE0 BY FREPUEWT 

(2)  VOLATILE PRODUCT8 ARE COLLECTED BY PAXiIWI . .  i E  

( 9 )  THE J A C K  CIMlR  CATALYST USED I N  THIS  OXIDATION TEST Y I  T A L N  I 
OETERlllWED THAT THE A I R ~ U E E O  ODES HOT COWAIN AHY A P P E C I A W E  I 

CATKYST W A S  UWIFORMY CMTED FOLLWIWB TlE P R E V I O I  TEST. 

41 
3-0 

2n 
9.6 

23 

9.7 
0.46 
0.25 

12.5 

I .4 

+I 15 
+P 

0 .  I 
11.0 

x 
2 

f.5 
*.e2 
-0.16 

XHAUST U S E 8  THROW 

PETROLEUM REFIRING LABORATORY 
SCHOOL  OF C H H I S T R Y  AAD PHYSICS 

. . 

PK 91090) 

R.5 
90 .o 
81.5 

0.21 

94 

01-Z-ETIIYLMEXIL 
SEBACATE 

18.7 
.B 

1.0 

93.n 
e.5 

a.9 
9.6 

12.7 

4.44 
*a 

0.1 
9.0 

- 
I 

9.5 
M.29 

S.T.P.) X TIHE ( t  
-0.1 I 

E3 AWD ANALYSIS  F[ 

1UHS ff UATER OR t 
A DRY ICE l", DR 

R A PREVIOVB p0.f 

- 
OW CoRHlH6 
Pk m5 

S I L I C O E   O I L  

102.0 

102.0 
99 
15.7 
0.9 

- 
- 

- 
T R C E  - 
TRACE - - 

0.19 
TRACE 

0.W 
0.m 
0.15 

+l 
+I5 

0. I 
0.4 

2 
I 

MOW. 

t0.01 t0.04 
) LO comm 
o . +HE mourn 
R h .  ASCARITE. 

15.7 
9.0 

91 
2.0 

,t" - 

+41 
*77 

10.5 
0 .  I 

- - 
5.6 

40.57 

B o w  /IDxIPL. ' 
E S T  WITH OOU cORNlH6 B l L l C O l l E   O I L   ( P R L  9925). T H I S  

THE  PEMSYLVANIA  STATE  COLLEE 
STATE COLLEBE PEWBYLVARIA 
F E B R W R Y  27, 1959 

' ' I  

t 

! 
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I 

 io cH~BED' rwKs 
. IWID L O B ,  d.$ 
IPPROX. WOUYT OF 0 3UPPLIEO [ I ]  
IPPROX. M D U R T  f f .0;  U S E D , ' E d . f l '  

IPPROX. $ OF 0 USED 
loL3 OF 02/IOLL20F FLUID 

6 CHANGE IN V19COSlrY 
AT I P F .  
AT OOF. 

~. 

#€UT. 110. (MG. Wn/Sn. O I L )  
onIeIn# 
F l l l N  . .  

dT.$ IHSOLUBLE M l E A I U  

F I MI. CATALYST COnD I T I OH 
APPEARMCE 

COFQFR 

PETROLEUM REFllllHE LABORATORY 
SCHDN OF CHEMI~TRI AWD FIIYS tca 

E 
W. 910s 
01-2- 

HEXYL 
ETHYL- 

SEBICATE 

go 
0.21 
2 

j:$ 
% 
0.21 

+I 
+I7 

0 .  I 
6.0 

0. I 

CORRODE0 
DULL 
W U  

0.25 
*.02 
0.01 

FPLCW 
nT SAHR 

- 

0.24 
0 

9.P 
I .e5 

99 
0.16 

-21 
-g 

0.2 
5.6 

TRACE 

IBATCH BATM t I 

!PAEiLExx 
OXIDATIOW AND CORROSION l"wTIIEs FOR VARIOUS SYNTHETIC PLUIDS AT 500°F. 

TEST PAOCEWRE MD TECHHIPUES IS ACCORDMCE WITH SPEC. MIL-L-7808. 
TEST COllDlTlOnS  IIICUIDE:  TEST TEHPERATUE 9 0  t 5°F.; E S T  T I E  24 HWRS; AIR RATE = 0.6 L ITERS PER HOUR: TEST  FLU10 = 100 111.; A110 CATALYST - 
TEST  FLUID PRL 9 1 6 1  - A SPEC. M l l - L - 7 8 0 8 , l Y P E   F L U I D  (PREPARE0  COmERC 

I IHCH SQUARES  EACH  OF MIPAR, STEEL, AND KUHIHUM. 

3.78 
1.10 
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TAxxXxI 
OXIDATION AND CORROSION PROPERTIES FOR VAILICUS FLUIDS AT 500°F'. 

TEST  CMIOITIOK3  IKLUOE:  TEBT T E W R A T  
TEST PROCEDURE AWD TECHHIPUES IN ACCORC 

I INCH SQUAR EACH OF COPPER. S T E  
TEST  FLUIDS: THE FOUONIWG  TEST E 

FLUIDS A R  ALL LOU POUR MI)ERAL 

LEVELS 8 W # .  
OIL FRACTlOW8  HAVING V I S C O S I M  

i 

TEST  FLUID 
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TEST PROCEDURE  AND TECHIIIOUES 111 ACCOROAYCE YlTH SPEC. MIL-L-6387. 
TEST  COHOITION8 IWCLUOE: TEST  TEIPERATUIIE 9 0  5OF. 'TEST TIME AS INDICATED; A I R  R A T E  5 f 0.5 LITERS PER HOURI TEST F L U I D  CHARGED - I W  

R.: A110 C l T R Y S T  = A I IYW SQUMiE EACH OF COPPEA, STEEL,. AWD ALUMINUM. 

TEST F L U I D  
TEST T I E ,  HOURS 

L l P U l D  CHARGED, 6 R W  
L I Q U I D  LO%, W.$ 

APPRPXIMTE AWOUllT OF 0 SUPPLIED, .(I) 
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nas o2 USED/KIL OF ESTER (426 GRWS) 
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. .  
UlOUWT OF OXYGEN COHSUMEO OETERlllNED BY FREPUENT BAWLINS O F  EXHAUST  6ASES All0 AHaYSlB FORc%. 

WITH  A  LOU B O I L l H 6  PETROLEUM  HAPHTHA AH0 ORlED BEFORE YEIGHlnG. 

PEHTAIIE  IWSDLUBLE  RATERIAL 13 O E W I H E D  BY DI65oLVIWG A 3 W L E  OF OXIDIZED  FLU10 (FROM hll l f f l  THE OIL IHSOLUBLES HAVE BEEH REWOVED) IN 
ISOPENTAWE M I D  YEIPHIWG ME IWSDLUBLE  MATERIAL WHICH SETTLE3 OUT. 

DILUTI(RI. 

MTI: i.7. 

(2) OIL IWSOLUBLE K W E R I R L  IS REWOVE0 8Y C M R l F U B l N E   O X I D I Z E D   F L U I D  ImEDIATflY AFTER COWLETIOH OF TEST. THE OIL IHSOLUFAES M E  WASHED 

(9) THE ISOPEMTAIIE  IHSOLUBLE MERIAL 13 REPMlTED A9 M E  S J W  OF THE OIL IHSOLUBLE  HATERIAL  PLUS ME ISOPEWTAIIE  IH9oLUBLE U T E R I A L .  ISO- 

(1) OXIDIZED FLUID YAE IJI IRTIHATE HlXTURE OF lN30LUULE RTERIB UD OXIDIZED LIWID. OIL IHWLUBLES CCNLO NOT BE DETEWIRED YlTHOllf 

PETRCtElW FSFl l l l  LABpRlmwl 
THE PEI INSYLVMIA  BTRTE  MKLEQE 
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TABLE XXIV 
OX!BATIOFI STUDIES WITH A KCUlBAL OIL FRACTION AT 5 0 0 9 .  

TEST PRoCeDuRE AND TECHRIOUES In ACCORDMCE WlTn SPEC. MIL-L-~W. 
TEST C I D I T I W I S  INCLUDE:  TEST TERPERATURE - Ipo * PDF.; TEST TIME AS IRDICATEO; AIR RATE - 5 f 0.5 LITERS P E R  HOUR: TEST FLUID - 100 H.; 

TEST F ! J l O  PRL - H E C T O R  45. A NAPIImIC HIWEFLU O I L  OF 44.6 CEHTISTUKEB VISCGSITY AT IW'F. OBTAINED FROM THE ETARDAI(0 O I L  CORPAYY OF 
AHD CATAlYST A I INEll SOUARE EACH OF COPPER, STEEL, M I D  ALUMINUM. 
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DULL 
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I ~ Y  AFTER C&ETlOH OF TEST.  THE OIL  IRBMUBLES MIRE WASHED YIR A (PI O I L  IMSDLUBLE MATERIAL IS R D W E D  BY CEWTRIFU6IYG OXIDIZED FLUID IHDIA 

(91 THE  ISOPEMTAYE  IWSOLUOLE MTERIAL 18 REPORTED A3 THE SUM OF TllE OIL IYBOLULE MATERIN PLUS TbE ISOPEHTME  IYSOLUBLE HATEAIK. ISWEWTARE 

OF OIYOEH COHSURD OETERHIRED BY F R E W M T  IH!JLIIIO OF EXHAUST OASES AUD 

LOW EOILIWB PETRDLEW YAF'HTllA AH0 DRIED BEFORE Ye16HIR6. 

YE16HlR6 TllE  IISCtUBLE WlTERlAL MlCH SETTLES OUT. 
IYBDLUELE MlFRlN IS DETEAIWED 81 D1SSDLVlNO A SMPLE OF DXlDlZED WID (FROM UHlCH THE O I L  IHSOLUBLES I I A V E  EEEH  REMOVED) IR I80PRITARE M I D  

O X I D ~ D  FLUIO Y A ~  An IYTIMATE H l x m n E  OF INSOLUBLE MTERIAL MD OXIDIZED LIPUIU. OIL IIIS~UBLES COULD HOT BE OETEAIHED Y I ~ W T  DILUTIMI. 
THESE VALUES M E  HEIBHT PER  CEHT IWHTHA IWWLUBLE MERIAL VALUES OETERMIHED BY DILUTING THE OXIDIZED FLUID WITH 8UCCESSIVE WRTIOIIS OF 
PETROLEUH I P H l l i A  All0 THEH CEATRIFUBIYE. 

( 6 )  THE MOL3 OF 0 mR a6 BRAIIS OF O I L  HAS EEW T A W A T E 0  AS A C C W l H  EA313 FOR C W A R I W G  THC 02 NBBORBEO. THE WXECULMI UElBHT OF 01-&ETHYL- 
HEXYL 8EWd I S  426. 
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Figure 1. - Effect  of  temperature  on oxidation 
stability of ai( 2-ethylhexyl)  sebacate (PKL 3371) . 
Technique and procedure in accordance  with 
MIL-L-7808. Air rate, 10 k .1 Liters per  hour; 
test  fluid charged, la0 milliliters;  metal 
catalysts 88 specified.  Test fluid, 0.5 percent 
by weight  phenothiazine In ai( 2-ethylhexyl) 
sebacate. 
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NACA RESEARCH ON LUBRICANTS, BEARINGS, AND LUBRICATION 

FOR HIGH-TEMPEEATURE TURBINE EFIGINES 

By R. L. Johnson a d  E. E. Bisson 
MACA Lewis Laboratory 

Since many of the  previous  papers have discussed  in  considerable detail the 
specif ic  problems ar i s ing  from  engine  operation at high telqperatures, these problems 
will not  be  discussed  further. Other discussion of problems  and turbine-engine 
requirements  with  respect to both  bearings and lubricants   are  covered in   references 
1 and 2, respectively. 

The objective of t h i s  paper is to   d i scuss  brfefly so= of the  NACA research on 
various problems and possible  solutions. It should be noted that the problems  with 
respec t   to  a short-time  engine  (such as an expendable  engine for a guided missile) 
may be  considerably  different  from  the problems f o r  a long-time  engine  (such as an 
engine  designed for long l i fe  in   a i r c ra f t   app l i ca t ions ) .  

m1cANTs 

- Liquids 

Miscellaneous  properties. - The miscellaneous  properties  (such as viscosity- 
temperature,  high-temperature s t a b i l i t y ,   c m o s i v i t y ,  and tox ic i ty)  have  been dis -  
cussed t o  some length  in  other  papers  and  hence will not be covered hereia. Some 
of the  properties of the fluids included i n   t h e  NACA studies are, harever,   sham  in 
table I. 

Lubricating  effectiveness at high temperatures. - Studies were made of the 
lubricating  effectiveness a t  high bulk lubricant  temperatures of the variolta fluids 
of table IT These studies are described i n  detail i n  reference 3. These s tudies  
w e r e  m.de on an  apparatus (fully described i n  ref. 4)  sham  schemt ica l ly   i n   f i gu re  
1. The specimens consist of a ro ta t ing  steel dtsk (hardness, R o c k w e l l   A - 5 0 )  and a 
spherical-tipped steel rider (hsxdness,  Rockwell C-60) .  

Dead-weight loading is  used t o  apply the load through  the  pulley  system sham 
i n  figure 1. The load used in   th ie   inves t iga t ion  w&8 1000 grams ( i n i t i a l  Hertz 
surface stress, 149,000 ps i ) .   mic t ion   force  W&B masured by maus of four s t r a i n  
gages m u t e d  on a copper-beryllium clynamometer ring. 

The experimntal  procedure  consisted  in  start ing 'kach test with a new set of 
f r i c t i o n  specimens and 440 cubic  centimeters of f r e sh  fluid. The apparatus was 
started s imltaneously with the application of heat, and fr ic t ion  readings w e r e  
taken at 450 P intervals ,   or  mre often if necessary. The average ti= required  to  - raise  the  temperature of the  f l u i d  from loOo t o  soOo F was 55 minutes.  Lubrication 
f a i l u r e  uas eas i ly  determined  during  the  experiment as an increase   in   f r ic t ion  
force,  onset of instabil i ty  in  the  friction  readings,   or  audible  chatter of the 
s l id ing  specimens; these  points are indicated on f r i c t ion   p lo t s   t o  be discussed. 
After t h e   r u m   i n  which failure  occurred, visible surface dama@;e was observed.  Pre- 
liminary w e a r  tests conducted with some of these shared that ei ther   unstable   f r ic t ion 
values  or an increase  in   the  coeff ic ient  of f r i c t i o n  xas accompanied  by a sharp in-  
crease i n   t h e  rate of w e a r .  

- 
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During the  course of each  experiment the following observations were considered 
most important : 

(1) Onset of i n s t ab i l i t y   o r  a marked increase  in   the  f r ic t ion  force.  

(2) Surface  failure  ( incipient or maes) of the   s l iding specimens. 

(3) Thermal in s t ab i l i t y  of the  bulk  lmricant .  

In   f igure  2 are   sham photomicrographs of surfaces which axe considered  typical 
of those  obtained  with:  (a)  bffective  lubrication, (b) incipient  failure,  and 
(c) mass fa i lure .  The specimens show, respectively:  (a) no evidence of surface 
distress, (b) slight evidence of surface w e l d i n g  and =tal transfer,  and (c)  violent 
welding  and metal transfer.   Interpretation of these results is based on the 
knowleQe that,  because of violent  agitation,  there i s  considerable entrained air  
in  the  lubricants,   both  in  theee experiments and in   ac tua l   tu rb ine  engfnes. 

Preliminary wear t e s t s ,  conducted with some of these  Lubricants, showed that 
either  unstable  fr iction  values  or an  increase  in  the  coefficient of f r i c t i o n  was 
accompanied by a sharp  increase  in  the rate of w e a r .  Figure 3 presents bata from 
one of a ser ies  of experiments  designed to   cor re la te  w e a r  (qual i ta t ive)   with  f r ic t ion 
i n s t a b i l i t y  as it was encountered i n  most of the experiments xith increasing  bulk 
lubricant  temperatures. A dial indicator w a ~  at tached  to   the lading system i n  
such a manner that it would masure.  displacement i n  the rider holder assenibly thak 
resulted from wear of the rider. On the basis of Incremental   d isplacmnt-values  
obtained  during  an experiment,  cumulative values  ofwear volume were calculated. 
These wear volumes are indicated  in   the w e a r  curve of figure 3. No significance 
should be attached  to  absolute w e a r  values;  the  trend of the curve wa8, however, 
reproducible and indicates that t h e e  i s  a de f in i t e   r e l a t ion  between ins tab i l i ty   o r  
a marked increase   in   f r ic t ion  and a marked change i n  the rate of wear. The pre- 
liminary data of figure 3 w e r e  obtained with a heating rate approximately  one-hall 
t ha t   u t i l i zed   i n   t he   r e s t  of the experiments  reported  herein  in  order  to  accentuate 
the wear data. 

The r e su l t s  showing the   e f feckof  temperature on f r i c t i o n  of s t e e l  specimens 
boundary lubricated  by  the  various  synthetic  lubricants of table I are s h a m   i n  
f igure 4. On each of the   individuaLcWes of figure 4, the  regions of effect ive 
boundary lubrication,  incipient  surface  failure, and ~ R S S  surface failure are shown. 
The petroleum  lubricant grade 1010 ( f ig .   4(a))  i s  included  for  purposes of compari- 
son. The  compounded diester  of f igure 4(b)  i s  essent ia l ly  a lubricant of the 
MIL-L-7808 specification  type. This lubricant does not  quite meet khese specifi-  
cations, however, because of sl ightly  excessive  viscosity at -65O F (16,000 cs 
measured as compared t o  13,000 centistokes  specification max.). The performance of 
the base  stock,  ai-2-etbylhexyl  sebiicate, I s  s h m  i n  figure 5(a). As sham  in  a 
comparison of figure 4 (b) and figure 5 (a), the compounded diester shows appreciably 
better  high-temperature  performnce.than  the  base  stock  alone. m e  Increased 
lubricating  effectLveness of the compounded aes2e.r over that. ..o.f-.the base  stock .& 

higher  temperatures is sham  in   f ig i l re  5 t o  be a function of the  lubrication or 
anti-wear  additive  trkresyl phosphate ( f ig .   5 (c) )  and is not dependent on the 
presence of the  oxidation  inhibitor- (fig. 5(b)) or the  viscoeity-index improver 
( f ig .   5 (d) ) ,  The curves of figure 5 show tha t   i n s t ab i l i t y  stsrts a t  the s a m  tem- 
perature  for all except the solution of t r i c r e s y l  phosphate i n  di-2-ethylhexyl 
sebacate. 

Comparfson of the   resu l t s  ( f ig .  4) of the various  f luids of thi6 investigation 
shows tha t   the  phosphonate ad the s i l i c a t e  appear t o  b e g r o m i s i n g  fo r  high- 
temperature  operation. The specimens run  with phosphonate showed n o  surface dietrese 
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throughout  the  entire temperature range  (to 572' F with one  phosphonate es te r ) .  A t  
t h i s  temperature, however, the  f luid  ref luxed  violent ly ,  decomposed, and l e f t  a 
redUish brown ge l  as a residue. !Che w e a r  t rack showed no  damage and  very s l igh t  
wear but  the  surface of the steel specimn appeared t o  be etched as if by ac id  
wherever contact  with  the f luid had  taken  place. Chemical a t tack of the  surfaces at 
high  temperatures is  apparently a logical  explanation f o r  the  lubricat ing  effect ive-  
ness Of this f l u i d ,  since  visual  inspection of the  different specimen8 operated 
i n  two phosphonate esters showed that considerable  etching had occurred (ref.  3). 

As previously mentioned, consideration of a short-time  engine  (for example, 
an  expendable  engine for guided missile application) would make it appear that the  
phosphonate es te rs  might be promising far relatively  high-temperature  operation  in 
sp i t e  of t he   f ac t  that the fluids do cause  corrosion. It is possible that the  dis- 
advantage of corrosion mey be werbalanced  by  the  abil i ty  to  lubricate  effectively 
at high  temperatures,  particularly  since the corrosive  action would take  place  for 
such a short  period of time. 

The tetra@-ethy-1) s u c a t e  es te r  also appears  promising for  operation at 
high  temperatures. The s i l i c a t e  ester is, however, unstable a t  bulk  temperatures 
of approximately 540° F. As a consequence, the NACA studies were limited t o  t e m -  
peratures of the  order of 510° F. As reported i n  reference 3, the presence of an 
oxidation  inhibitor (phenyl-a-naphthylamine) appeared t o  have no effect on the 
lubricating  effectiveness of t h e   s i l i c a t e  ester. The oxidation  inhibitor also 
appeared t o  have no e f fec t  on the high-temperature s t a b i l i t y  of the fluids a t  tem- 
peratures of approximately 540° P. -re was no visible evidence of etching of the 
steel specimens used i n   t h e  experiments  with the silicate esters .  A t  th i s  time 
there is no explanation for the lubricating  effectiveness of the s i l i c a t e  e s t e r s  
at  high temperatures. 

The data of figure 4(f )  are for an NACA silicone-diester  blend. Because of 
the very good viscometric  properties of the sil icone-diester  blends it is believed 
these  f luids  will f ind  par t icular   appl icat ion as turboprop  per-reduction-gear 
lubricants.  

Unreported b a l l  bearing  experiments  have demnstrated that by uae of a drop 
lubrication  mthod  in  the  presence of air, si l icone-diester  blends will provide 
effective lubricat ion at temperatures  higher  than  those at which a. compounded 
diester f luid failed to   lubr ica te .  The effectiveness of the silicone-diester  blend 
as a lubricant f o r  high-temperature  bearings may be associated  with  the  formtion 
of localized decomposition  products  such as lacquer on the  lubr ica ted  surfaces.. 
There will be further  discussion of the performance of sillcone-diester  blends 88 
gear lub r i can t s   i n  a section on lubricat ion methods for   gears .  

The f r ic t iona l  results for E series of water-soluble  polyalkylene  glycol f l u i d s  
that vary  in  viscosity from 55 t o  3520 SU3 (8.9 t o  762 centistokes) at 100' F are 
shown in figure 6 .  The results obtained a t  the  high  temperatures show a def in i te  
re la t ion t o  some property commonly associated w i t h  viscosity grade, since  increasing 
the  viscosi ty  is sham t o  r e s u l t  in an increase in the  region of effect ive boundary 
lubrication. For example, incipient  surface f a i l u r e  starts a t  2900 F for the  55-SUS 
f l u i d ,  whereas the 352O-SUS f l u i d  shows incfpient s u r f a c e  f a i l u r e  starting a t  501' F. 

It should be pointed  out that the meximum bearing  temperatures for ef fec t ive  
lubrication  with  these f l u i d s  may be substant ia l ly  above the bulk oil temperature 
limits mentioned herein. I n  bearing  lubrication,  the oil is normally  supplied at 
low b u B  temperatures a i d  the o i l  residence time may not be s u f f i c i e n t  so that 
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high  bulk o i l  temperatures are obtained. I n  some bearing  experiments,  satisfactory 
lubrication has been obtained  with b&ing temperatures  approximately ZOO0 F higher 
than  the b u l k  lubricant   fa i lure  tempeqature  reported  herein. 

Lubricating  effectiveness a t  high  sl iding  velocit ies.  - Studies  reported i n  
reference 5 of the lubric&ting effectiveness of many of  these f l u i d s  a t  high s l id ing  
velocities  shared that, with some exceptions,  there is a general  correlation  betveen 
the  limiting  temperature for effect ive boundarry lubrication and the   l imit ing 
s l i d i n g  velocity for e f fec t ive  boundary l u b r i c a t i m .  That fa , ,  those f l u i d s  which 
showed high  limiting  temperatures also,  in  general, showed high  l imiting  sl iding 
veloci t ies .  

.. . 

Solids and Gases 

Since  liquids  are  inherently  temperature-limited, it is possible  that  there 
may be  considerable  promise i n   t h e  use of e i the r   so l ld  or gaseous lubricants   for  
the extreme  high-temperature  application. Solids can be  obtained which are   e i ther  
s tab le   a t   the   e leva ted  t.emperatures or whose in s t ab i l i t y  does not   adversely  affect  
the   f r ic t iona l   p roper t ies  of the   surfaces   to  be lubricated. There will be mre dis- 
cussion of these- two lubricant  types  in a subsequent section on lubricatlon methods 
for  bearings. 

Temperature Ranges for V a r i o u s  Lubricant Types 

A sununary of the  possible  lubricants for operation  over the four temperature 
ranges i s  s h a m   i n   t a b l e  11. AB shown, petroleum  lubricants of the MIL-0-608lA 
type are sui table  for temperature  range 3.i synthetic  lubricants  (presently,  diestere) 
of the MIL-L-7808 type  are  suitable  for  temperature  range 21 solids, gases,  or 
l iquids  (possible  future  synthetics  or l i q u i d s  in   c losed  system) msy be suitable 
f o r  temperature  range 3 and, in .a l l   p robabl i i ty ,  only  solid^. and  gases w-ill be 
su i tab le   for  the extreme conditions of temperature  range 4. Solld..lubricants  such 
as  MoS2 or graphite, may be   u t i l i zed   in  an airmist  system *ere the  Bolid  lubricant 
is  suspended i n  a f l u i d  such as air and continuously  supplied to  the  bearings at a 
very slow r a t e  (of the  order of ounces per  hour). As indicated  in   table  11, 
additional  research i s  required on high-temperature s t a b i l i t y  and high-temperature 
lubricating  effectiveness  oflukricants  for teqerature ranges 2, 3, and 4. 

Materials  for Races  and Roll lug Elements 

Miscellaneous  physical  properties. - The phyaical  properties  and  requirements 
of bearing mterials for  operation  at   high temperaturea have  been  adequately U s -  
cussed i n  this conference  and i n  a paper by Frank Wellone  which is included i n  
reference 1. Based on the  requiremnts,  the  various molybdenum too l   s t ee l s  appear 
t o  show considerable promise as  high-temperature  bearing  llraterials. These s t ee l s  
have good hot  hardness  and  dimensional s t a b i l i t y  at elevated  temperature,  although 
they do require  considerably  longer  grinding times that SAE 52100'steel. 

Fatigue  properties. - Since, as is sham  in  reference 1, the  anticipated re- 
quirements for   bear ings  for   future  high-speed,  high-temperature  engines  involve 
high thrust  loads,  high values, and high  temperatures, it is obvious that   the  
fa t igue l i f e  of the  bearing mterial must be adequate t o  permit operation of these 
bearings under these  conditions Over extended  periods of time. All the  requirements 
tend to   mke   the   fa t igue  problem more.difficult  and it i e  possible  that  the  fatigue 
l i fe  of bearings msy become a very  def ini te   l imitat ion  to   the life of the engine. 

. 
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As a consequence, NACA has init iated  fatigue  studies  in  an  apparatus  designed 
by E. F. Macks and described ful ly  in   reference 6. The f a t igue   sp in   r i g  is  sham 
i n  figure 7. Essentially  the  apparatus  consists of a raceway A which is r e s i l i en t ly  
mounted in   the  horizontal   p lane on toothpick  springs B, a ve r t i ca l ly  adjustable 
nozzle  assembly C, and a vertically  adjustable  bottom plate D. Pressurized air, 
entering at E, causes two or mre balle t o  rotate  within  the  raceuay. The spent 
air is allowed t o  escape at F. The speed of ball rotat ion i s  controlled by 
adjusting the pressure of the air entering at E. 

Under proper  conditions of operation,  the balls l i f t  f m m  the  bottom p l a t e   t o  
ride hour after hour at an  equilibrFum  position on a v e r t i c a l  raceway wall. 
Acceleration, g Y r O S C O p i C ,  and  aerodynamic forces  apparently provide the  lifting 
and  required  stabil ization. An analysis of this phenomenon w a ~  unsuccessful  because 
.of the  unknown aerodynamic forces. 

Inasmuch a s  a pair  of b a l l s  , or  a t r i o  of ba l l s  of proper mass ra t io ,   ro ta te  
i n  dynamic equilibrium,  since  the  balls do not  touch any surface  except  the raceway 
wall, the  loads at the  respective  contact  axeas between the balls and the  cylinder 
may be determined  with  precision.  These  loads are caused  by the  centr i fugal   forces  
resul t ing from the orbital motion of the  balls about the raceway axis. 

Rolling motion  under elastic deformation  occurs  between the surfaces i n  contact. 
A representative  ball   path  obtained  in  the  fatigue  spin  r ig is s h m  I n  figure 8. 
The ball  path  sham w a s  obtained by ro ta t ing  a pair of 0.5-inch-diamter chrome 
steel balls at  an   o rb i ta l  speed of 28,000 r p m  within a 3.310-inch-boreJ  ungrmved 
tool-s teel  raceway fo r  about 7 minutes, which resulted i n  1,358,000 ball  cycles. 
No lubricat ion was provided. The primary ro l l i ng   l i nes  and sliding  contact bands 
associated  with  rolling under e l a s t i c  deformation are clear ly  visible. Similar 
contact bands  occur on the raceway. The width of the complete contact band aa 
calculated (0.038 inch,  approx.)  checks  favorably  with  experimental  findings (0.041 
inch,  approx.), the  emerimental  values  being  about 8 percent higher. 

The stresses produced in  the  subject  apparatus bear the  same re la t ion  to load 
as do the stresses i n  a loaded ball, bearing.  Surface  compressive  and  tangential 
stresses and  subsurface  shear stresses are imposed at the contact area and within 
the stressed volume , respectively. 

Stress frequencies t o  over u3 mfllion  cycles per hour and s t r e s s  magnitudes t o  
over 700,000  pounaS per s q b e  inch  (calculated,  Hertz) have  been  obtained. For the 
path shown i n   f i gu re  8, the maximum calculated  surface  pressure was 735,000 pounds 
per  square  inch. The magnitudes of the  imposed stresses are varied by adjustment 
of the  drive-air   pressure  to change the  speed of ball  rotat ion.  The stresses can 
be var ied at a given  frequency of application by  Changing  specimen  geometry. The 
apparatus can also be operated with high ambient  temperature i n  order to determine 
fat igue l i fe  a t  elevated  temperatures. 

Experiments i n  progress a t  the  present time are designed t o  compare the  
fat igue l i f e  of M-1 molybdenum t o o l  steel t o  that of SAE 52100 steel a t  a tempera- 
tu re  of 2 2 5  F. Additional studies are being made of: (1) the  fa t igue l i f e  of 
M-1 t o o l  steel at 450° F and  (2) the  effect of nonhomogeneFty of the material 
(such as gra in   d i rec t ion   in   the  ba l l  as a r e su l t  of the  processing methods). 
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Materials fo r  Cages 
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Physical  properties and require@nts. - As sham in  reference 1, the  require- 
ments f o r  cage materials are 88 f o l l d s :  

(1) Adequate strength a t  low and-at  high  temperatures  (present  cage  materials 
seem t o  be adequate, at low temperatures only, i n   t h i s   r ega rd )  

(23 Corrosion resistance 

(3) Compatibility 

(4) Thermal expansion coefficient  approaching  that  for  the  race  material 

Of these  requirements, that of compatibillty is probably the  mat  important 
and possibly the mst d i f f icu le to   ob ta in   p rac t ica l ly .  It i s  bel ieved  the  f r ic t ion 
and wear problem w i l l  become m r e  acuiie a t  high  temperatures  because of the obvious 
effect of high  temperatures i n  reducing  effective  lubrication. 

An additional  factor 6f importance ( to  be discussed  in  the  section "Cage and 
Bearing  Designs") l a  that of f r ic t ion   coef f ic ien t .  (The studies of reference 8 
show that high  f r ic t ion  coeff ic ient  can be  detrimental  to  bearing  performme  by 
inducing  cage s l ip . )   .The appearance of cage breakage i n  high-temperature  bearing 
runs  (to be discussed i n  a section  on-lubrication nethods for bearings)  indicates 
t ha t  cage strength can be  very  important under critical  operating  conditions. 

Friction, welding, and w e a r  properties. - As a consequence of the importance 
of the  compatibility problem, an  investigation at high temperatures was conducted 
of the   f r ic t ion ,  welding,  and wear  properties of various cage materials  eliding 
against  bearing  materials of ei ther  khe molybdenum tool-steel  type  or the standsrd 
8AE 52100 type. !The l a t e m a t e r i a l  wae used only f o r  comparison purposes. I n  
all cases,  selection of the cage materials w a s  based as mch as possible on the 
three requirements  other  than  compatibility  previously listed. I f  should  be 
emphasized that these  studies provide.fundamenta1  information on the   f r ic t ion  and 
w e a r  properties of materials-In  bench.tests.  Additional  studies are required  in  
ful l -scale   bear ings  both  in   tes t   r igs  and in   actual   turbine engines  before f i n a l  
conclusions  can be made v l t h  respect  to use of these  materials. 

The appsxatua  used for  these  studies was essent ia l ly  similar to t ha t  shown 
in   f igure   l and   descr ibed   in   re fe rence  4. The studies for which resul-ts a r e  
presented  in  f igures 9 t o  13 were performed dry, that is, with no lubricant  present, 
and the  apparatus was mdi f i ed  so as t o  provide  temperaturea up to 10Wo F by a 
suitable  furnace. (Some of' the data of f ig .  1 2  w e r e  obtained  with  lubricant. ) 

Figure 9 shows the effect   oftemperature on f r i c t i o n  and w e a r  of a conventional 
(Alcop) bronze, an iron-silicon  bronze (Mueller 803), and a caet   pear l i t ic  nodular 
iron. The bronze, which ie a presently used cage material for   a i rc raf t   tu rb ine-  
engine  bearings, shows a continuous  increase i n  friction  wlth  higher  temperatures) 
wear decreases with  increasing  temperatures  to 450' F and then  increases  with 
higher  temperatures.  Experience has 1.ndicated that sliding  velocit ies  greater  than 
that  of-these experiments would shift . a n y  cr i t ica l   reg ion  (such as the minimum w e a r  
point   for   the Alcop bronze)-toward  the  origin on the  temperature  curve.  Iron- 
s i l icon bronze  shared no efTect of temperature on f r i c t i o n  and wear at temperatures 
below fXOo FJ at higher  temperatures  both"Pr1ction and w e a r  increased. The 
nodular iron had unstable   f r ic t ion  coeff ic ients  at temperatures of 450' F and  lower 
wtth spasmodic increases  to  values as high 89 unity; this friction  behavlor was 
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not accompanied by  high wear .  Fr ic t ion of the nodular  iron  decreased slightly with 
increase  in  temperature, and. above E0Oo F the f r i c t i o n  w a 6  less than that for e i ther  
of the  bronzes. Wear of the  nodular  iron  increased  slightly  with  temperatures of 600' F and above, but the trend of increasing w e a r  was considerably less than for 
the  bronzes. 

Previous data at  high s l iafng  veloci t ies   indicated that nickel   a l lays  can  have 
good res i s tance   to  wear and surface  fa i lure  under conditions where surface  oxidation 
can  occur t o  f o r m  protective oxide film. It was suggested  that this tendency might 
become more pronounced a t  high  temperatures. Data for mdified H mnel ,  cast 
Inconel,  and  Nimnic 80 are presented  in figure u3. These materials have physical 
propert ies   that  are not  affected  significantly by temperatures of 1000° F and 
higher.   In  general ,   these  mterfals had high  f r ic t ion  coeff ic ients   that  decreased 
with  increasing  temperatures. The materials also showed decreased wear with  increas- 
ing  temperatures. The decrease i n  wear w i t h  increase  in  temperatures  for H monel 
was quite  gradual  but  for  bath  the cast Inconel  and  the  Nimnic 83 abrupt changes 
i n  w e a r  rates were observed. As previously suggested, it i s  believed that the  
temperatures a t  uhich the low w e a r  r a t e s  are obtained would be reduced by operation 
at high  sl iding  velocit ies.  

The importance of surface  oxides  to  the  functioning of nickel   a l loys w a s  
demonstrated  by rak ing  a run  with  cast  Inconel at 10oOo F i n  an  atmsphere where 
the   ava i l ab i l i t y  of oxygen w&s reduced  by  displacing air with argon. The wear was 
increased by a factor of four, while only a slight increase   in   f r ic t ion  was observed. 
Also, as shown in  figure 11, when cast Inconel which previously had been  run for  1 
hour a t  looOo F t o  form an oxide film was run an additional hour st room temperature, 
the w e a r  at room temperature (0.078f10'3 cu  in.) w a s  s l i gh t ly  less than  one-tenth 
that obtained with a new specimen at room temperature (0.917><10'3 ou in.). Further, 
 en an unused cast  Inconel specimen was heated  in molten caust ic  (NaOH) to   obtain 
a preformed  oxide film and was then  run at room temperature, the  w e a r  (0. 09$xLO'3 
cu in . )  was also approxilnately  one-tenth that obtained under identical  conditions 
(0 -917~l0-3 cu i n .  ) with  the u n t r e a t e d  specimen of the  same material. 

The w e a r  experienced  with  cast  Inconel  having  an  oxide  film  against "10 steel 
at r o o m  temperature is less than  one-fourth that obtained (0.447><10-3 cu in . )  under 
the same conditions  with the =tal conibination (Alcop bronze  against SAE 52100 
steel) currently  being  successfully used i n  bearings of full-scale  engines. Wear 
for the various  nickel alloys a t  1000° F i n  air was approximstely  one-tenth that 
for  iron-silicon  bronze and was approximately  one-half that of the iron-sil icon 
bronze a t  6000 F. It is i n   t h e  temperature  range  from €MIo t o  looOo F that nickel 
alloys merit particular  consideration as cage materials. 

It is suggested  that it m y  be poss ib l e   t o  obtain low weax both at low at 
high  temperatures  by employing a nodular-type  cast iron oontainlng 20 percent  nickel 
(Ni  resist). The combined ef fec t  of t he  free graphite from the  nodule8  and the  
possible  surface  film of nickel &de could produce the  desired result. An invest i -  
gation of this mater ia l   wi l l  be =de i n  the  near  future. 

The high  f r ic t ion of a l l  the  mterials previously  discussed is undesirable  be- 
cause it could  cause  excessive  cage slip.  Preliminary  experiments  conducted with 
a hot-pressed  iron-silicon  bronze  containing W Z  w e r e  unsuccessful  because of high 
we- resul t ing from poor  physical  properties) however, those  experiments did show 
significantly  reduced  friction  coefficients  could be obtained. This approach 
appears promising  and further  research is i n  progress t o  obtain  reduced w e a r  88 
w e l l  as lower f r i c t i o n   f o r  this type of material. 
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Results of lubricated  f r ic t ion and wear runs a t  450° F of-various  possible cage 
materials  against "10 t oo l  steel obtained a t  a s l fUng  veloci ty  of 120 f e e t  per 
minute with a load of 1200 grams are: shown i n   f i g u r e  12. The lubricant was di (2- 
ethylhexyl)  sebacate  plus 0.5 percent  phenothiazine  (oxidation  inhibitor). Data fo r  
these same lnaterials run dry again8t.M-10 tool steel a t  450° F are also  included  for 
comparison purposes. The results show that, as expected,  the  lubricant  served  to 
decrease  both  friction and w e a r  f o r  all except  the  conventional  bronze. The bulk 
temperature of the  lubricant vas  so high that the specimens were believed  to  be 
operating  in a range of incipient  faFlure of boundary lubricatfon where the compati- 
b i l i t y  of materials fs veqy Lzqortant. The reduction  in wear d the  cast  Inconel 
i s  pa r t i cu la r ly   t o  be noted  since i t s  dry w e a r  was ra ther  high. 

Since a number of promising too l  steels have been  considered for races and 
rol l ing elements of rolling  contact  bearings, data were obtained  (fig. 13) showing 
f r i c t i o n  and wear properties cf cast-Inconel  sliding  against  these  various  possible 
bearing steels at both room temperature and 1000° F. Hardness of a l l  s t e e l s  was 
from  Rockwell C-60 t o  C-63 at  room temperature. The data oFfIgure 13 aid  not  indi-  
cate any important  difference i n   t h e . f r i c t i o n   o r  wear of cast Inconel  against SAE 
52100 as compared to   the   var ious   too l   s teeh  of equivalent  hardness. 

Cage and B e a r i n g  Designs 

It-has been shown (ref.  7) that considerable improvement in the  operating 
characterist ics and, i n   pa r t i cu la r ,   i n  the l imiting speeds of a bearing can be 
obtained by proper cage and bearing design. For example, in  reference 7 it IS 
sham that the conibination o f a n  outer-race-riding cage with a straieht-through 
outer  race  (inner-race-guided  rollers)  gives  the best over-all  performance. The 
better  performnce of this design  over  both the conventional  inner-race-riding cage 
type and the  conventional  outer-race-riding cage type with outer-race-guided rollers 
is 8. result of the   re la t ive  ease of lubrication and cooling and of the  adequate 011 
flow (exit)   paths which minimize oi1,chhUrning and f r i c t i o n  losses. That is, the 
design  principle emphasized in   these   resu l t s  seems t o  be that of providing  for eaby 
flow of lubricant  into, through, and-out of the bearing. Under these  conditions, 
both  adequate  lubrication and adequate  cooling are obtained;  this  result   tends  to 
extend  the  limiting  speed  values. It is possible that application o f t h b  design 
principle will also a s e i s t   i n  extending the high-temperature limitations. 

In  the  studies  oerpference 8 it waa a h m  that cage s l i p  is extremely de t r i -  
mental to  bearing  perforgsnce  particularly under high-speed  conditions. It-was 
also shown that the use of a cage material which has a high  friction  coefficient 
might be  particularly bad  from the  standpoint of inducing s l i p  under extremely  high 
speeds. These resul ts  would indicate that another  extrelnely  important  property of 
a cage material FS that oflnaintaining low f r ic t ion  coeff ic ient  under the  expected 
conditions of operation. This point was not  comgletely  appreciated  before  the 
results of reference 8 w e r e  obtained,  since it waa felt that fr ic t ion  coeff ic ient  
i n   i t s e l f  was not a par t icular ly   imprtant   factor  as long as the  other performence 
characterist ics of the cage materialwere  satisfactory.  It should be emphasized, 
however, that   the   f r ic t ion  coeff ic ient  i s  of primary  importance only insofar ES it 
influences  slip  within  the  bearing. 

Temperature Ranges ror  Varlous Bearing  Materials 

A summary of the possible bearing materials (both for rolllng  contact and for 
cages ) for  operation over the four temperature  ranges is  given in  table 11. PLS - shown, the  present race and ro l l i ng  ,element material (SAE 52100) and the present cage 



NACA RM E54D27 - 67 

w w ol 
0, 

material (silver-plated  bronze) are suitable for temperature range 1. Likewise, the  
present  bearing materials may be used i n  the  inter im  unt i l  mora infarmation is avail-  
able on the  other materials for temperature range 2; this is, hqrever, o n l y  an interim 
measure and the  molybdenum tool steels and other  cage materials (such as nodular 
i ron and nickel   a l loys)  may be used i n   t h e  near  future. For temperature ranges 3 
and 4, the  ro l l i ng  contact  bearings will undoubtedly employ too l   s t ee l s   fo r  races 
and ro l l i ng  elements  and nickel  al loys,  and  nodular i ron or other  special  materials 
for the  cages. Very l i t t l e  is  known about  the  performance of these materials under 
these  conditionsj   in consequence, much additional  research is required  (fatigue as 
w e l l  as f r i c t i o n  and wear  research)  in  teqperature  ranges 2, 3, and 4. 

Bear ings  

Liquids. - The standard method employing l iqu id  lubricants i n  a so l id- je t  
lubrication system is w e l l  known.  The l imitat ions of this system are a function of 
both  the  s tabi l i ty  of the  l iquid  lubricants  at high temperature and the  bearing 
designs, as previously mentioned. Thus it m y  be possible to extend  the high- 
temperature  limitations  slightly by uae of l iquids  of better high-temperature stabil-  
i t y  or by  improving the cage  and  bearing  designs so as t o  permit  free flow of 
lubricant  through  the bearing. 

Solids. - Solids may be used for lubr ica t ion   in   essent ia l ly  two manners: (a) 
by including  the  solid &B a minor consti tuent of the material t o  be lubricated,  and 
(b) by an air-mist system similar t o  that described i n  reference 9 or mixed with a 
vo la t i l e   l i qu id   ca r r i e r .  

The pr inciple  of lubricat ion of materials at the interface of two rubbing sur- 
faces by use of raterial within  the  structure of one of the  two rubbing  surfaces is 
well known. Many leaded materials such aa the  leadedbronzes are bel ieved  to  
operate   in  this  fashion,  and  cast  iron is a good example of t h i s  type of rmter ia l  
since it is bel ieved  to  be lubricated by  graphite from within the s t ructure .  
Similarly,  materials  can be loaae by  the powder-metallurgy  technique which -log, 
as a minor consti tuent,   solid materiale that are excellent  lubricants.  Results 
obtained on materials of this ty-pe (conteLning mlybdenum d i s u l f i d e ,  M o S 2  88 the 
sol id   lubricant)  me included in   reference 10. As this  reference shows, mixtures 
of s i lver ,  copper,  and MoS2 w e r e  qu i t e   e f f ec t ive   i n  producing low f r i c t i o n  and low 
wear under cer ta in  optimum concentrations of molybdenum dfsulfide. Under the 
conditions of the  experiments of reference 10, this  optimm  concentration was 
approxilnately  7 to 10 percent. These results show that, even  under  extreme  con- 
di t ions of operating dry, it is possible   to   obtain moderate wear rates, complete 
absence of w e l d i n g ,  and e r a t e l y  low fr ic t ion   coef f ic ien ts .  

The r e su l t s  of reference 9 show that it is possible  to  obtain  adequate  lubri-  
cation of rolling contact bearings under either high temperatures (up t o  looOo P) 
o r  at high speeds (up t o  DR values of 1,ooO,OOO). Unfortunately, it waa not 
possible  in  the  prellndnary  investigation of reference 9 t o  co&ine the two variables 
of high temperature and high  speed,  since  the test rigs w e r e  limited In e i ther  case. 
The air-miet  system of applying Mosz showed enough promise i n   t h i e  prelimLnary 
investigation  to  warrant  additional  research under the combined conditions of high 
speeds  and  high temperatures once a r i g  is obtained which i s  not   l imited  in   these 
respects. 

G a s e s .  - Because of the  possible  Xndtation imposed on engine l i fe  andlor 
engine  design  by the fat igue l i fe  of rolling contact  bearings  and of the   l imitat ions 
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imposed by inadequate  high-temperature  lubricants, hydrodynamic bearings employing 
air as the   f l u id  have  been  conside&as a possible  solution  to  the high-temperature 
problem. Although the 8tudie.s of reference U were limited  to  &.nornotating  bear- 
ing, they did show nevertheless that the air bearring has so= possibi l i ty  for sup- 
porting load i n  a re la t ive ly   s tab le  manner a t  temperatures of 1000° F. Also, an 
air beaxing has the prime  advantage of showing an increase of lad-carrying  capacity 
as the  temperature  increases,  in  direct  contrast to hydroaynamic bearings employing 
l iquids which show a decrease in  load-carrying  capacity  with  an  increaae  in tem- 
perature. It is believed that the air bearing may have some defini te   place  in  the 
field, in   par t icu lar  where the  conditions of operation are so severe  that   roll ing- 
contact bearings cannot be employed. Under these  conditions,  the  advantages of the 
air bearing might outweigh i t s  disadvantages of requiring small clearances, careful 
alinement,  and a source of hfgh-pressure air. 

G e a r s  

It is  genera- agreed that the  load-carrying  capacity of gears i s  increased 
by using  lubricants of greater viscosity. As a consequence, for  those  gears euch 88 
turboprop  engine  reduction  gears which are highly loaded and which are operating 
under mrginal  conditions of lubrication  wlth  present  low-viscosity  lubricants, it 
would appear that a change to  higher-viscosity  lubricants would be extremely desir-  
able. This change can be per forEd  - in  two w a y s :  (1) by  relaxing  the low-temperature 
viscosity limits a t  present  outl ined  in  specification MIL-L-7808, and (2)  by 
providing a lubricant which Eets specification MIL-L-7838 low-temperature viscosity 
requirements  but which has improved viscosity-temperature  propertie8  to  such  an 
extent  that   the  viscosity at elevated  temperature is appreciably  higher t b n  that 
of the  present  lubricants. 

Present  lubricants. - The present  lubricants meeting specification MIL-L-7808 
have load-carrying  capacities on the P ra t t  & Whitney R y d e r  gear r i g  considerably 
less than  the  value which has been indicated to-be that desired  for  effective  gear 
lubr ica t ion   in  a typical  turboprop  engine. Iphis desired value has been  quoted ae 
a load-carrying  capacity  equivalent t o   t h a t  of grade 1100 petroleum  lubricant. In 
order  to  obtain a load-carrying  capacity  equivalent  to grade ILOO with E diester, 
a high-vlscosity  f luid such as Esso laboratories E.E.L.-3A is required. The vis- 
cosity is such  that-the f lu id  is not pumpable a t  -65O.F; i n  fact ,  It is impossible 
t o  measure viscosity a t  this  temperature  because  the  level of viscosity is so high. 
The ,quoted  values of viscosi ty   in   cent is tokes  for  E.E.L.-3A are 7.6 at 210° FJ 37.6 
at looo F, and 12,300 at -40° F. While E.E.L. - 3A ha8 adequate  load-carrying 
capacity, it cannot  be pumped at -65O F; therefore, some other  type of lubricant 
is necessary to meet both  requirements. 

Silicone-diester  blends. - The NACA si l icone-diester   blenh similar t o  those 
originally  described  in  reference .4 may meet the two reqUireEntE of adequate  load- 
carrying  capacity and  pumpability a t  l m  temperatures. One of these  blends, 8D-17,  
has a viscosi ty  at -65O F of approxinm~tely~4000  centistokes and viscosity at 210° 3' 
approxfmtely  the SEUW as that of grade 1100 o i l  ea sham i n  table 111. Table 111 
presents data .obtained  through the  excellent  cOOpration of Pratt & Whitney Aircraft  
and shows that the  various  lubricant  properties  other  than  lod-cmrying  capacity 
are also promising. The various mzthods of evaluation are described  in  reference 
12. Two points- were noted by P ra t t  80 Whitney: (1) high w e a r  in   the   She l l   four -ba l l  
w e a r  machine, and (2) a high  ash  content. If the wear in   t he  Shell four-ball  w e a r  
machine i s  t ruly  s ignif icant ,  it is  Pelieved  this  value can be reduced  apprecfably 
in   t he  SD-17 blend  by  use of additives such a6 t r i c r e s y l  phosphate. Data obtained 
by  Fenske at the Pennsylvania State  College (ref. 13, table 29)  lead to   the   be l ie f  



NACA RM E54D27 U.__ 69 

w w w m 

that addition of re la t ive ly  slnall quant i t ies  of t r i c r e s y l  phosphate will markedly 
reduce wear a s  measured i n  the Shel l   four-bal l  w e a r  machine. 

A high  ash  content must be expected  with  synthetic materials that are basical ly  
inorganic  in  nature  such as sil icones.  The important  point t o  determine i n  this 
regard is whether or   not   this  high ash content is actually detrimental t o  engine 
performance. Such s tudies   are  now i n  progress at the NACA. 

Table IV presents DIE gear-test  data obtained by the Esso &mopean Laboratories 
through  the  very  helpful  cooperation of the Xsso Laboratories  Standard O i l  Develop- 
=ut Company of Unden, N. J. The data of table N show tha t   the  load capacity of 
the NACA SD-17 sil icone-diester  blend compares very  favorably  with grade 1loo oil 
and the compounded diester PRL 3313. 

On the basis of the exis t ing data, there  appears little likelihood of obtaining 
l iquids which can adequately lubricate  bearings  operating a t  temperatures of 1000° F. 
While this view is subject   to   mdif icat ion based on the amount of cooling  available 
for the lubricant,  it is belLeved that it all be desirable i n  the design of future  
high-temperature  engines t o  provide a s  l i t t l e  cooling  for the lubricant as is  
practicable.  Some of the  data show that considerable  gain (up t o  200° F) i n  high- 
temperature lubrication by l iquids  can be mae by relaxing  the  low-temperature 
specification, that is, by use of lubricants of higher viscosity.  The use of sol ids  
and  gases as lubricants at temperatures of the order of Loooo F appears t o  show 
some promise.  Considerable  research must be performed t o  prove  both of these lubri- 
cant  types. 

On the basis of the data available, it appears that promising materials exist 
for u e  as ro l l i ng  elements and races of rolling  contact  bearings. These m t e r i a l s ,  
however, require  mre complete evaluation,  particularly with respect   to   fa t igue.  

Rolling-contact  bearing  cage mterials me already a problem in  present  engines; 
t h i s  problem is expected to become w o r s e  as temperatures increase. Some cage 
materials appear  promising;  here  again,  considerable  research and evaluation is 
necessary to establish  the  surface  compatibility of these materials with  the  bearing 
race  materials. 

Some gain i n  the performance character is t ics  and possible extensions i n   t h e  
l imitations of exiating  rolling  contact  bearings  can  be  obtained by cage designs 
which a re  based on the  pr inciple  of providing  an  easy flow path of lubricant   into 
and  through the bearing. The use of silicone-diester  blends 88 gear  lubricants may 
be of decided  advantage because the  silicone-dlester  blends meet the dual requirements 
of adequate  pumpability at l o w  temperatures and good load-carrylng  capacity i n  gears. 
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TABLE I. - PROPERTIES OF EXFERIMENTAL PLUIDB 
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I centisto! 
I 

1-65' F[ -40' F 

Petroleum: 
MIL-0-6081a  (grade  10lO)a 

Diesters : 
Di( 2-ethylhexyl)  sebac6tea 
Di( 2-ethylhexvl)  eebacate 
plus  additivesb,C,d,e 16,000 2,700 

8,297 """ 

Polyalkylene  glycols  (desig- 
nated by viscosity  at F): 
Water-soluble 

55 SUS (8.9  centistokes)e 

660 SUS (143  centF8tokes)e 
190 SUS (4l'centistoke~)~ 

3520 SUE- (762  centistokes)e 

50 SUS (7.4  centistokes)e,g 
Water-insoluble I 

""" 

""" 

""" 

""" 

4587 

Phosphonate: 
Dioctyl  isooctena  phosghonatea I------ I h.003 

3 i l i c a t e  : 
Tetra  (2-ethylhexyl) 

silicate 1 1,400 1 260 
I I 

Silicone-diester  blend, SD-17 

3 di(2-ethylhexyl) sebacateaJh 
plus methylphenyl  polyeiloxane  3,750 1,050 
(100 centistokes at 77O F) 

"eaaured values. 

b4 percent  methacrylate  polymer. 

5 percent  tricresyl phosphate. 

k.5 percent  phenothiazine. 

%nufecturerte data. 
fAt -Zoo F. 

gCcntains  oxidation  inhibitor. 

hParts  by volume. 

iAt -50' B. 

I 
20.8 I 5.3 

Fluid I Viscosity, A.S.T.H. C.O.C. C.O.C. 

point,  point,  point, 
kes, at : pour flash fire 

100' F 210° F op OF OF 

3 
7 

~ 

41 
8.9 2.4 

8.2 
.43 
'62 120 

26.2 

8 2.52 

472 

-30 430 545 
-20 440 545 

C-70 270 335 



. . .. 

I Temperature range 
Maximum operating 

temperature, OF 
Bearing 

I ture, OF- 
I Possible lubri- 

I cants 

Research required 
on lubricants 

, .  

Possible  rolling 
contact  bearing 
materials 

For races 
and rolling 
elements 

Research required 
on bearing mate- 
r i a l s  

For races 
and rolling 
element  mate- 
rials 
For cages 

~~ 

1 2 3 

c 350 so0 

-65 - 65 -65 

400 250 300 
750 

1 I 

4 

-65 

Liquid- Liquid-diesters and Solids  or gases 
petroleums other  synthetics 

open or closed 

High temperature s tabi l i ty  

EYSkIllS (for turboprops) 

High temperature stability and 
None and load-carrying  capacity lubrication in open or  closed 

SPE 52100 Tool steels 
SAE 52100 (interim 

bronze I Nickel al loys 
Nodular iron I Powdered m e u s  wit 

so l id  lubricants 
Silvex-plated 
bronze (interim 
material) 

liane I Fatigue  research 

I 

None I Friction and wear  research 

I 
M 
P 
3 
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3 
13 
r) 

Lubrication 
viscosity, cantistokL?s, at: 
-650 F 
-49 F 
lOOoF 
WOO F 

Viscoslty FpdeK 

Gear scuffing, lb/in. 
Pour point, op 
6hd.l f0Ur-bd-l: Bun. loaa for immediate seizing, ke 

w e l d  point, kg 

corrosion 
sulpur, percent 
lpiutralleation mw&er 
Reaction 
Copper-strip corrosion 
Corrosim-cpddation stability 

comosion, weight change, d m 2  
Copper - stained 
steel - stained 
Haguesium - passed 

Viscosity at looo F, centistokes 
S i l v e r   p h t e  - paased - " -. 

Neutralization number 
C h a n g e  fran orlgiual, percent 

Change from original 

Aluminum - paas& 

Average lead weight loss, (MlCC), 6 

corrosion: 
neutralization nuviber (after m) 
Mauory loo (wt. loss, lug) 
silver (wt. loss, m g )  

Deposftion 
Pracipitation number 
Carbon residue, percent 
hh, d m  g 
Additives, metals ( ~ c t r o s c o p i c )  

Panel coking (wt. inc., mg) 

M i S C e l l a a a a u s  
Gravity, O A P I ,  SO0 F 
&avlty,  specific, m/m0 F 
BaponFfication rider 
Flash point, % 
Flre gOint, ?F 
Luw-temperature stability 

Evaporation loss a t  2 7 9  F, percent 

. ". 

L 

(72 hr a t  -65O F) 

by might 

Results of E&CA 
o i l  Em-11 

4242 
n 7 5  

14.29 
42-59 

171 
-85 

3700, 2675 

40 
p10 

0.05 

Beutral 
0.00 

-sed 

0.10 
0.06 
0.02 

0.05 
0.09 

43-28 
+1.6 
1.5 

0 .m0 
1.5 

0.lO 

5, 3 
8, 7 

0.05 
2.29 

4597 (23 pcrccnt) 
Beavy si; Lar CLI, Ag 

25 

0.9732 
13.9 

74.3 
455 
505 

paased. 

0.515 

13,m mBx. 
5ooo max. 

J l  min. 
3 min. 

1700 min. 
-75 max. 
" 

130 min. 
" 

" 

" 

#o p i t t m  

j9 .2 mBy. 

" 

Flo pitting; Slight stain permittei 

- 

%anteins PTZ (0.5 percent) only. 
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TABLE IV. - RESULTS OF IAE GEAR TESTS ON SPECIAL LUBRICANTS 

(PERFORMED FQR NACA BY ESSO EUROPELW LABORATORIFS THAOZJGH 

COOPERATIOM OF ESSO LABWWRmS, LINDEN, N. J.) 

[ 2000 rpm: 1/2 pint/min: 90' C: B.S.En. 39 gears.] 

Lubricant - 
Esso Aviation O i l  100 . .  

Compounded  diester 

Silicone-diester blend . 

(grade 1100, petroleuni,  re*-oil) 

(PRL 3313) 

( NACA m - 1 7 )  

Failure  load as 
percent of reference  oil 

100 

170 
230 

(no scuffing) 



NACA RM E54DZ7 75 

Bider 

Lubricating fluid-, Ill[ 
rDisk Bpecimen 

Dgnamometer-r 

Bearing housings 

Figure 1. - Schematic diagram of f r i c t ipn  apparatus  for  studying 
boundam lub r i ca tbn  by bulk lubricants. 
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R i d e r  specimen Disk specimen 

(a)  Effective  lubrication 

(b) Incipient  failure 

Figure 2. - Photomicrographs showing typical wear areas on 
I rider and disk specimens. X15. 
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0 20 40 60 80 100 120 
Time, min 

Figure 3. - Relation between unstable friction (cross-hatched area) and wear 
for typical  diester lubricant at increasing bulk temperatures. Load, 
lo00 grams; sliding velocity, 120 feet per minute. 
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J (c) Water-insoluble polyalQlene glycal. 

(b) Compounded dleater. 

(d) Dioctyl laooatene phosphonate. 
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Temperature, OP 

(e )  Tetrakis (2-ethylhexyl) silicate. (f) Bilicone-dlester blend. 

Figure 4. - Friction with synthetic lubricantn at various temperatures. 
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(a)  Di(2-etbylhexyl)  sebacate. 

(b) Di(2-ethy-1) sebacate plus 0.5 percent'phenothhzine. 

.3 

.2 

.1 

n " 
. (c)  Di(2-ethylhexyl)  sebacate plus 5 percent  tricresyl  phosphate. 

0 100 200 300 400 500 600 

(dl  Di(Z-ethylhexy1)  sebacate  plus 3.8 percent  methacrylate polymer. 
Temperature , ?F 

Figure 5. - Effect of temperature on friction  of  steel  specimens boundary- 
lubricated  with  di(2-ethylhexyl)  sebacate  containing various additives. Load, 
loo0 grams; sliding velocity, 120 feet  per minute. 
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(Hertz), 735,000 ps i .  



. . . . . .. . . " 

Conventional bronze 
0 

.0 
2 
!i 
.rl 
U 

8 
0 

Iron-sillcon bronze 

n 

.2~10-~ 

n 



.8 

0 0 

1.2 

.0 

0 

Cast Inconel 

. M.0-3 

.2 

0 

P 



NACA RM ~ 5 4 ~ 2 7  

1.0 

.8 

.6 

.4 

.2 

0 

85 

200 400 600 800 
Temperature, OF 

Figure ll. - Wear of c a s t  Fnconel  against "10, dry. 
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Figure 12. - Friction  and wear of possible cage materials against "10 tool steel at 

GQO F, ary and lubricated. 
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APPENDIX Q 

HIGH-TEMP- BEP-RING PROBLEMS 

By F. W. Wellons 

In  es tabl ishing roaterial specifications for main or accessory case bearings i n  
the  hot  locations of new high-performance  engines, it is first necessaxy t o  examine 
the e f f ec t  of time and temperature on the  physical  and metallurgical character is t ics  
of conventional SAE 52100 bearing  steel .  A through-hardened SAE 52100 bearing r ing  
which has been  oil-quenched f r o m  an  austenitizing  temperature of approximately 
840° c WFI~ contain 4 t o  7 percent residual aus ten i te   f ine ly  e-ified throughout 
the  rpartensitic  structure. The rate of transformation for t h i s  residual austeni te  
to  rpartensite  can be increased by e i the r  tempering at elevated temperature or by 
deep f reez ing   in   the  -looo F range. Superimposed on the austenitic  transformation, 
which i s  accompanied by a vo lmt r i c   i nc rease ,   t he re  is a nrastensitic change of 
state from a te t ragonal   to   cubic   s t ructure  that is accompanied by a decrease i n  
specif ic  volume. 

The response t o  temperature and time for  a quenched SAE 52100 r i n g  is 
schematically  demonstrated  by  the  several curves on figure 1. A Low-temperature 
d r a w  a t  175O C is suf f ic ien t  for t h e   m t e n s i t i c  state change, but  an  extrenely 
long time would be required  to  compiete the  breakdm of residual austenite.  If 
the  tempering  temperature is increased  to  200° C ,  the martensit ic change is much 
mre rapid and  superlmposed on the   austeni t ic   t ransformation.   In   this   case  the 
t o t a l  shrFnkage is not so great as far the  175O C draw.  A t  240° C the  initial 
shrinkage is ahnst instantaneous followed by a rapid growth reaching a maxirmm i n  
approximately  four  hours. An additional  curve is shown t o  indicate the  lm- 
temperature  austenit ic  transformtion which results i n  a very hsxd, completely mar- 
t ens i t i c   s t ruc tu re  that would be essentially  unstable even a t  room temperature. If 
the cold-treated  bearing- ring was subsequently  subjected t o  running temperatures 
i n   t h e  range of 175O C, the  plartensitic state change would be alumst immediate, 
causing a reduction i n  volun~, tha t  is, a shrinkage of the  bearing parts; come- 
quently, a subsequent  low-temperature d r a w  after the  deep-freeze  treatment, as 
indicated  by  the dotted l ine,  is necessary  for complete  diinensional s t ab i l i t y .  
Long-time tempering t e s t s  at 240° C on parts given the stabil izing  treatments 
described by f igure  1 have revealed a decrease i n  specific v o l u n ~  which is generally 
a t t r ibu ted   to   p rec ip i ta t ion  of carbides t o w a r d s  a globular  structure.  However, t h i s  
e f fec t  requires considerable  time  and is of 110 practical  concern unless a bearing 
in i t i a l ly   s t ab i l i zed  at 250° C (482O P) is intended for long-time service at tempera- 
tures above 4000 F. 

A typ ica l  tempering  curve for a series of SAX 52100 specimens  oil-quenched 
from 843O C i s  s h a m   i n  figure 2. Each specimen was held at the  indicated draw 
temperature for l h o u r  and the  hardnese measured after cooling t o  r o o m  temperature. 
Comparing the  curves of f igures  1 and 2 shows that t he  draw temperature must take in to  
consideration  both the required degree of dlmzmional stability and the mfnimm 
acceptable ring hardness. Though a cold  treatment  followed  by a subsequent lm- 
temperature d r a w  will give  dimensional  stability  and at the  sane time a higher r ing  
hardness than  obtained  through a single high-temperature draw, the   metal lurgical  
transformation is  so drastic that there  is considerable loss from  cracked bearing 
rings  both during the quench and later when the  bearings are in   se rv ice ,  Conversely, 
r ings  s tabi l ized by a 250° C d r a w  w i l l  be sof te r  than the  cold-treated rings and 
consequently more suscep t ib l e   t o   ba l l  and roller  denting. Comparative  endurance 
tests on severa l   lo t s  of bearings, which  were i d e n t i c a l   i n  all respects  except that 
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one-half  had been s tabi l ized through  a  cold  treatment and the  other  half had  been 
s tab i l ized  by a  high-temperature draw for  a minimum hardness of Rockwell C-58, did 
not show any difference  in endurance fife.  

A stabillzing  heat  treatment far SAE 52lO0, which apecifFes a &hour draw a t  
235O t o  240' C, r esu l ted   in  a hardness of Rockwell C-58 t o  C-61. Although th i s  
treatment  assures  adequate  dimensional  stability  for  operating  temperatures up t o  
350° B, recent  experience  with high soakback temperatures after engine shutdown 
demnstrated  that  4 hours wae not  sufficient  for- complete s tabi l izat ion.  An 8-hour 
cycle at 250° C for SKF Mo. 1 s t e e l   o r  24Q0 C fo r  SAE 52100 is desirable  for  the 
complete  dimensional s tab i l iza t ion  of bearings which are intended  for  operation 
where the temperatures rnay reach 40O0 F or higher. 

Heretofore,  practically a l l  concern fo r  temperature  effects .on bearing geometry 
has  been  centered on the turbine.main  shaft  bearings,  but  in some new engines 
essent ia l ly   a tanhrd  ball an8 roller  bearings  supporting  the  accessory  drives a r e  
either  located  in  hot regiom of the engine or are lubricated by hot  scavenge oil from 
the  =in  bearings. Wormally these  smaller bearings do not; receive  a  stabil izing 
heat  treatment  because of their   susceptibil i ty  to  denting  during manufacturing and 
in   service.   Testgroups of typical  accessory case bearings as 0hown in   f i gu re  3 
were accurately checked for  dimensional change after various periods a t  500° F, and 
the  average diameter changes for  the  bearing rings as  computed from  average  diameters 
of the bore and  outside diameter a r ~ .  plot ted i n  figures 4 (a) to  (e). The r ad ia l  
looseness  for each size radial bearing was checked  by  gage under a &5-kilogrm 
measuring load after each temperi in te rva l  as sham on f igure   4 ( f ) .  Measurements 
of l e s s  t h a n  5 a c r o n s .  (0.0002 i n 7  are probably due to   y i e ld   i n   t he  parts  and do 
not  reflect   actual  internal  clearance.   Figure 4(b), covering a 69lOJ ba l l  bearing 
is  par t icular ly   interest ing because the  outer   r ing  in   this   case does not  receive 
a stabil izing  heattreatment  while the inner ring (50-mm I.D.) i6 regularly 
s tabi l ized.  Kardness of the  bearings of figure 3 i s  shown in   f igures  4( g) and (h). 

Although low-temperature  conditions are unusual far either  the  =in  or  gear 
case  bearings  in  aircraft   turbines, .some  bearings  in  the  airplane  or engine 
accessories which are used in t e rmi t t en t ly   i n   f l i gh t  mfght be  subject  to  outside  air  
temperatures.  Subzero t e s t s  with  standard  nonstabilized  bearings did no t  show any 
appreciable  dimensional change after 1 hour at e i ther  -40° C or  -60' C but afker 
24 hours a t  -72O C the maximum growth amunted to  approximtely 0.001inch per  inch. 

In the   interests  of econow,  a.program was r ecen t ly   i n i t i a t ed   t o  determine if 
main shaft   roller  bearings  currently made from high-temperature steel for  operation 
et 500° F could  be.replaced by suitably  heat-treated  bearings of 6AE 52100. A 
group of outer  races made from SAE 52100 with a nominal outside  diameter o f l x )  
millimeters (4.7244 in .  w e e  n d s r e d  consecutively,  then  carefully measured on 
the  outside diamter and subjected  to a tempering  temperature of 6ooo F i n  g r o ~ e  
of four  for 1, 2, 4, 8 and 16 hours, respectively.  After this experimental  temper- 
ing  treatment, a l l  groups were heated t o  500' F for I, 2, 4, 8 and 16 hours  with 
an outside di-ter dimensional chqck after each  cycle.  Consequently, all rings 
w e r e  subjected  to  .a t o t a l  .of 31 h o p s  at  500° F. The dimensional  changes  and final 
hardness produced by the 5000 F soak were as.follows: 
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Group Av . Outside diameter change Av. Tempering 
no. Rockwell-C with time at  500’ F i n  Rockwell-C time a t  

600’ F, hardness 0.001 mm (0.000041’) hardness 
hr 

1hr 1 6 h r  8 h r  4 h r  2 h r  
1 

55.0 “0.4 “0.4 “0.4 -0.4 a.3 55 .O 16 5 
55 .O a . 3  +Om4 -0.2 -0.2 a.1 55 .O 8 4 
55.2 “0.1 0 “0.1 0 -0.1 55.2 4 3 
56.0 “0.3 4.1 “0.4 “0.1 0 56 .O 2 2 
56.1 -1.4 -0.7 -0.6 -0.3 -0.1 56.1 1 

From t h i s   t ab l e  it All be noted that rings tempered a t  600° F f o r  times vary- 
ing from 2 t o  16  hours were qui te  stable after 31hours  at soOo F. As tempering 
times i n  excem of 2 hours a t  600° F appear to have no influence on the  dimensional 
s t a b i l l t y  at 500° F, 2 hours a t  6ooo F, which appeared to have a slight hardness 
advantage, was selected fo r  the sample r o l l e r  bearings furnished for actual  englne 
tes t ing.  

A t  the  meeting of t he  Subconmiittee  on Lubrication  and Wear i n  March 1953, a 
summsry was distributed  describing studies of high-temperature nmsterials for tur-  
bine main shaft bearings;  the  hot  hardness  curves  (figs. 5  and 6) have beeq prepared 
t o  supplement that information. The No. 3 steel is  the same as SAE 52100, while 
1 and 2 are of similar analysis   with  s l ight   mdif icat ions for improved deep-hardening 
character is t ics .  The M series s teeb  are w e l l  knam i n   t h e  high-temperature f i e l d  
and are covered i n  detail through the  data presented at t h e   l a s t  subcommittee meet- 
ing. The last four steels listed on figure 5 are proprietary  analyses that e i the r  
have  been  considered  or  have  actually  been used f o r  high-temperature  applications 
in  current  engines.  Figure 6 was prepared t o  demonstrate  the  difference  in hardness 
f o r  the three  analyses  normally used for   turbine main bearings i n  the as-quenched 
state and also after receiving a stabilizing  heat  treatment.  For the s tab i l ized  
rings  the  hot  hardness i s  essentially  unaffected a t  temperatures up to t he  tempering 
range, a f t e r  which it falls  off a t  the same rate as far the  quenched but  nontempered 
ring. 

One of the most promising  developments f o r  improvlng %all and rol ler   bear ing 
r e l i a b i l i t y  through better material  cleanliness has been  the  erection of several  
furnaces f o r  melting  and  pouring  metals i n  a vacuum. In   th i s   p rocess   the  desired 
analysis can either be b u i l t  up i n  the furnace similarly to  e lectr ic   furnace  pract ice  
or stock of the desired analysis can be remelted.  Prelindnary tests with b a l l  
bearings made from  vacuum-melted W 52100 have  been  completed  and fur ther  tests 
are being  conducted t o  determine  whether the endurance l i f e  is superior to that of 
conventional SAE 52100. The average W e  for a test l o t  of 6309 (45-mn-bre  deep- 
groove ba l l  bearing  inner  races made from  vacuum-melted steel) was rated average t o  
poor when compared t o  similar results fo r   r i ngs  made from commercial SAE 52100. 
The W e  f o r  1309 (100-mm-outside-diameter self-aligning b a l l  bearing  outer races 
=de from  vacuum-melted SAE 52100) w a s  comparable t o  results obtained  in  the 
laboratory  with  the  best  heats of conventionally  melted  bearing steels. However, 
the most impressive  results have  been with several  bearing sets of 0.5-inch-diameter 
vacuum-melted steel balls th ich   a re  s t i l l  running a f t e r  each ball set has failed 
one or mre race sets. Normlly, a set of balls previously  run i n  a bearing where 
the rings have spal led w i l l  f a l l  before  f laking of the  second r ing  set. Ball 
f a i l u r e s   i n  such  cases  are  aggravated by fragrent  denting  fromthe  prior raceway 
spall ing,  so that the survival  of the  vacuum-mlted steel b a l l s  after several  such 
race  f lakings is quite  encouraging. 
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A second ser ies  of tests with 39 rings of each test s i ze  made from a different  
vacuum-melted SAE 52100 ingot i s  now underway. Although only a few bearings from 
t h i s  secoud l o t  of material have bee-n run t o  failure, it would appear that the 
endurance pat tern  wil l   be   qui te  similar t o  that f o r  the initial teat group. 

Because of restricted  furnace  capacity,  the  supply of vacuum-melted s t e e l  i s  
quite  lirnited, and the  ingot  cost i s  approximstely l5 t o  x) times tha t   fo r  E&3 
52100. Consequently, the vacuum-melting process  offers a p r a t i c u h r l y   a t t r a c t i v e  
source  for  high-temperature  steels  in  those  applications that are beyond the 
capabili t ies of 6AE 52100. Generam,  the demand f o r  high-temperature  bearings does 
not   Just i fy   obtaining  ful l  heats, BO; that bar  stock  for ring forgings nnrst be ob- 
tained  through  jobbing  sources and consequently i s  o f o n l y  average  cleanliness. 
Inasmuch as t o o l  steel cost&.- ie   geqeral ly   f ive  to  seven times that for   norm1 
bearing mterials, the  cost   penalty  for  the vacuum melting and the  limited  ingot 
s i ze  (500 lb maxim at present), are not so objectionable as i n   t h e  case of SAE 
52100. . .  

. .. . -  

A program has been es tab l i shed   in   the  SKI? laboratory under contract  with  the 
Wright A i r  Development Center to   obtain endurance data f o r  t& high-speed,  high- 
temperature min   t h rus t   bea r ings   i n   a i r c ra f t  gas  turbines. This program, which is 
already under way,  is  organize&  aloug three phases.  First-j-a  conventional t e s t  
l o t  of t h i r t y  6309 ball bearings made with  rings and balls of MlO high-temperature 
steel will be  endurance-tested on &sting  laboratory equipment under standarized 
test   conditions.  The re su l t s  of thia program xill give a comparative picture of 
MLo and SAE 52l.00 for ordinary  temperature,  speede, and loads. As soon 8s these 
t e s t s  axe  completed, the test r i g s  Kill be  nmdified to   run an ident ica l   lo t  of MlO 
6309 bearings under the same speeds and loads b u t  at the  highest  possible  temperature 
consistentwith  available  lubricants.  

Under this saw program, one high-speed t e s t   r i g  capable of running 100- 
ndllimeter-bore ball  bearings under pure  thrust a t  speeds up t o  15,oOO r p m  haa 
been assembled and s e t e a l  trial runs made wfth  non-test  bearings. Most parta for 
the other two machines covered  by the contract have  been ordered, and the bat tery 
of three machines will be first used fo r   t he  high-speed  endurance tes t ing of baeic 
7020 s i ze  (100-mm bore)  precision  angular  contact  bearings which are   the same 
s t y l e  as used for   the  main thrust bearing  in  aircraft   turbines.  The rings,  races, 
and bal ls  f o r  this first lot  of 30 high-speed test   bearings dill bg =de from 
SAE 52100 s t e e l  and the  test   conditions will be controlled by a clrculating o i l  
system t o  limit the maximum operating  tenperature  to 350° F. This phase i s  primarily 
concerned Kith  the  effect of bearing geolnetry on endurance life at  very  high speed. 

The final phase of t h i s  program will be the high-speed tes t ing of angular con- 
tact   bal lbear ings  fol lowing  the optimum geometry as developed  during  phase 2, but 
with  rings and balls ma& from high-temperature steel. Theae t e s t e  w i l l  be run 
at approximately l5,OOO rpm and cartridge heaters will be wed t o  maintain ambient 
temperatures up t o  750° F  depending on available lubricants. 

The c h a r a c t e r i s t i c   a i r c r a t  power plant bearing application is an  optimistic 
compromise of minimum bearing  size with maximum load, speed, and temperature. 
Figure 7(a)  shows a very  interesting mounting using a double row, self-aligning 
roller  bearing  inner-race assembly for a pinion  bearing,  with  the  outer-race 
aphere ground integral  with the high-speed pinion bore. Both 75-  and 90-millimeter- 
inside-diameter  pinion bearings of this type have  been  successful^ operated  in a 
fixed-cage  planetary with a maximum EN value of 675,000. These pinion  bearings 
we  essentially  standma  inner-race; cage,  and rol ler   assenbl ies   mdif ied f o r  high- 
speed operation  with radial lubrication  holes dr i l led through the  center flange f o r  
posit ive  lubrication of the cage support  surfaces and the roller guide flanges. 
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A typical  tandem  mounting of two  split  inner-race  ball  bearings  for  the  -in 
thrust  location  in  an  advanced  aircraft  turbine  is  shown  in  figure 7(b). TO insure 
equal  load  distribution, very close  manufacturing  controls  are  necessary  to  main- 
tain  the sarne contact  angle  for  each  bearing  and  to  equalize  their  yield  under 
thrust. As one  bearing ~ L l l t e n d  to pump and  the  other  to  repel, a stationary 
baffle Fs inserted  between the-two outer  rings  with  separate  metering  jets  for  lub- 
ricating  each  bearing.  Relatively  high  oil flows are  required t o  maintain a safe 
bearing  temperature so that  ample  scavenging  drains  are  necessary to avoid  excessive 
heat  from  oil  churning. 

A high-precision angulm contact  bearing  developed  for  an  extremely  high-speed, 
though  not necessarily high-teqerature,  application is sham in  figure 7(c). 
Lamhated phenolic  resins  such as bakellte, micarta, and eynthane,  have  been  very 
successful for cages of high-speed  antifriction  bearings  primarily  because of their 
light  weight  and  inherent  self-lubricating  properties.  However,  these  materials 
have  very low tensile  strength,  and  preliminary  high-speed  testing  with  conventional 
precision  angular  contact  bearings  resulted  in  cage  failures  across  the  ball 
pocket,  which  were  attributed  to  centrifugal  strain.  Consequently,  an  experimental 
cage  was  developed  by  shrinking a thin  brass  sleeve  around a suitable nonmetallic 
cage  blank  and  riveting  this  ring  in  place  at two diametrically  opposite  locations. 
Previous  studies had e h m  that  the  phenolic  mterials  will  distort  with  tempera- 
ture a s  the  volatile  elements  are  driven off, so that some positive  method,  such 
as  riveting, was necessary  in  addition to the  interference  shrink.  After  the  sleeve 
was shrunk on  the  cage blank, the  pockets  were drilLed in a conventional =mer 
and a 75-millimeter-bore  bearing waa run  in  this  reinforced  cage  for 90 hours at 
speeds up to 30,000 rpm,  which  is  equivalent  to DN value of 2,255,000. 
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Figure 1. - Effect of temperature and time on p w t h  of 8 quenched SAE 52100 ring. 
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FYgure 2. - Hardness against  tempering  temperature for SAE 52100 oil-quenched 
from a43O C. 
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Figure 3. - Typical accessory case bearings. 
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pigure 5. - Hot.hardness of various materide. Time at each temperature, 1 hour. 
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Figure 6. - Hot hardness o r v a r i o u s  material. 
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Figure 7. - !typical aircraft poverplant bearing eppllcatlona. 
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